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SUMMARY 

As a  result of the  vehicle  oscillations  occurring on free-flight  number 5 
of the  approach  and  landing  tests,  an  experimental  study  using  a  six-degree-of- 
freedom  motion-base  simulator  has  been  made  to  determine  the  effect of control- 
system  time  delays on the  occurrence sf pilot  induced  oscillations  (PIO's) on 
the  vehicle  handling  qualities  and on pilot  tracking  performance  for  a  landing- 
approach  configuration sf the  Space-Shuttle  orbiter.  A  linearized  math  model 
was  employed  which  represented  a  300-knot  orbiter  with  almost  all  time  delays 
removed.  Additional  time  delays  were  then  inserted  following  the  pilot's  hand- 
controller  signals.  Only  pitch  and  roll  commands  were  used  for  vehicle  control. 
The  simulation  employed  an  air-to-air  tracking  task  as  a  means  of  emphasizing 
PI0 tendencies. Two  astronauts,  two  research  pilots,  and  one  simulation 
engineer  served as test  subjects.  Results  showed  that  PIO's  occurred  when  the 
amount  of  added  time  delay  approximated  that  existing  for  the  orbiter  configu- 
ration  flown  in  the  approach  and  landing  tests (ALT). Increasing  the  amount 
of  delay  increased PI0 occurrences  and  resulted  in  degraded  tracking  perfor- 
mance.  Decreasing  the  amount of time  delay  eliminated  the  PIO's. 

INTRODUCTION 

During  the  Space-Shuttle-orbiter  development  program on free-flight  land- 
ing  number 5 of the  approach  and  landing  tests  (ALT),  the  orbiter  vehicle 
experienced  pilot-induced  oscillations  (PIO's).  Both  pitch  and  roll  PIO's 
occurred. No PIO's,  however,  were  encountered on the  first  four  ALT  flights. 
Flight  number 5, therefore,  created  a  lot  of  interest  because  of  the  PIO's 
encountered. One factor  contributing  to  this  difficulty  was  believed  to  be 
the  presence  of  time  delays  (transport  lags)  in  the  control  system. 

The  present  simulation  study  was  undertaken  to  assess  the  effect of 
control-system  time  delays on the PI0 tendency of  an  orbiter  configuration. 
To minimize  setup  time,  use  was  made  of  an  existing  simulation  for  studying 
the  effect  of  time  delays  in  simulators.  (See  refs. 1 to 4 . )  Accordingly, 
the  simulation  software  was  modified  to  incorporate  a  given  orbiter  configu- 
ration.  The  simulation  employed  an  air-to-air  tracking  task  rather  than  a 
landing  task.  Previous  experience  has  shown  that  the  use of  such  a  tracking 
task  is  a  good  way  for  identifying PI0 tendencies. In  addition  to PI0 occur- 
rences,  an  assessment  was  made of vehicle  handling  qualities  (via  Cooper-Harper 
ratings)  and  pilot  tracking  scores  due  to  the  presence  of  time  delays. 

Two astronauts,  two  research  pilots,  and one research  engineer  served as 
test  subjects  for  the  present  study.  For  some of the  tests an  audio  side  task 
was  employed  to  increase  subject  workload.  Only  the  latter  three  subjects 
used  the  side  task  since  the  time  available  did  not  permit  astronaut  partici- 
pation  in  these  extra  tests. 



SYMBOLS 

Numerical  values  are  given  for  some  quantities  in  both  the  International 
System  of  Units (SI) and  in  U.S. Customary  Units  for  convenience.  Measurements 
and  calculations  were  made  in U.S.  Customary  Units.  The  effective  aerodynamic 
parameters  used  herein  are  referenced  to  a  system  of  body  axes  with  the  origin 
at  the  vehicle  center of gravity.  (See  fig. 1 .) 

ax ayr az  accelerations  along  the  body  axes  caused  by  aerodynamic 
forces,  m/sec2 

B audio-task  tracking  error  (tone  voltage) , volts  or Hz (scale 
factor  is 460 Hz/volt) 

b wing  span,  m 
- 
C wing  mean  aerodynamic  chord, m 

F statistical  quantity  associated  with  F  distribution 

FSX IFSY  rFSZ  accelerations  at  centroid of motion  base,  m/sec2 

FX,FyrFZ  aerodynamic  forces  along  the  body  axes,  N 

9 gravitational  constant  at  sea  level,  g = 9.8 m/sec2 

h altitude,  m 

Ix,Iy,Iz  moments  of  inertia  about  the  body  axes,  kg-m2 

Ixz body-axis  product of inertia,  kg-m2 

K*  audio-side-task  pilot  gain 

KW thumb-wheel  gain 

KVCO  voltage-control  oscillator  gain 

Rj rmj  rnj  direction  cosines (j = 1 ,  2, 3)  

Mx  rMyrMz  aerodynamic  rolling  moment,  pitching  moment,  and  yawing 
moment  about  the  body  axes,  N-m 

m  vehicle  mass, kg 

Plqrr  rolling,  pitching,  and  yawing  angular  rates  about  the  body 
axes,  rad/sec 

1 

9 
- 

dynamic  pressure, :pV2,  N/m2 
2 
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S 

S 

TS 

t 

W 

a 

wing area, m2 

unbiased estimate of standard  deviation 

audio-task first-order divergence time constant,  sec 

statist ical   quantity of t - tes t  of student‘s t distribution 

vehicle  velocities along the body axes, m/sec 

total  vehicle  velocity, m/sec 

components  of vehicle  velocity  relative  to  flat-Earth  inertial- 
coordinate  axes, m/sec 

vehicle weight , N 

angle of attack, rad 

trim  angle of attack, rad 

angle of attack from trim, c1 - at ,  rad 

sideslip  angle, rad 

hand-controller  deflection i n  roll ,   posit ive  to  r ight,  deg 

pitch  input  after shaping, limiting, and scaling, rad 

hand-controller  deflection i n  pitch,  positive rearward, deg 

audio-task thumb-wheel deflection,  volts  (scale  factor is 
0 . 4  rad/volt) 

horizontal  (lateral)  tracking  error, m 

vertical  tracking  error, m 

sum of vertical  and horizontal  tracking  errors, m 

elevation  line-of-sight  angle , rad 

pitch  altitude from trim  value ( 8  - 80) , deg or rad 

audio-task instabil i ty  sett ing , l /Ts,  set" 

azimuth line-of-sight  angle, rad 

air  density, kg/m3 
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T added time d e l a y   i n  the roll-  and   p i t ch -con t ro l   channe l s ,   un i t s  
or msec (each   un i t  equals 31 .25 msec) 

TP added time d e l a y   i n   p i t c h - c o n t r o l   c h a n n e l ,   u n i t s  or msec (each 
u n i t   e q u a l s  31  .25 msec) 

*r added time d e l a y   i n   r o l l - c o n t r o l   c h a n n e l ,   u n i t s  or msec (each 
u n i t  equals 31.25 msec) 

91e,(P Euler   angles   (yaw,   p i tch ,   and  r o l l  a n g l e s ,   r e s p e c t i v e l y ) ,   d e g  
or rad 

Symbols for aerodynamic  and  control-system  combination: 

C2 rol l ing-moment   coeff ic ient ,  MX/GSb 

c, pitching-moment   coeff ic ient  , My/& 

CX a x i a l - f o r c e   c o e f f i c i e n t  , F*/;S 

CY s i d e - f o r c e   c o e f f i c i e n t  , Fy/$ 

CZ normal - force   coef f ic ien t ,  FZ/+ 

Cn yawing-moment c o e f f i c i e n t ,  MZ/iSb 

cx, = - 
aa 

a -  
2v 

3% 
cnr = - 

a -  
rb 

2v 
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'% = YE 
a -  

2v 

3% ' = -  
"P Pb a -  

2v 

a -  
2v 

acY 
CYr - - 

a -  
- 

rb 

CYga = - 
a6 a 

2v 

Subscript: 

0 initial  condition and/or  trim  condition 

Abbreviations: 

ALT approach  and  landing  tests 

ANOV analysis  of  variance 

DAC digital-to-analog  converter 

d.0.f. degrees of freedom 

L.S.R. least  significant  range 

PI0 pilot-induced  oscillation 

rms  root  mean  square 

VMS visual-motion  simulator 

A  dot  over  a  quantity  indicates  a  derivative  with  respect  to  time. A bar 
over  a symbol of the  seven  tracking  parameters  and  three  audio-task  parameters 
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indicates  the  arithmetic  mean  of  the  rms  values  for  all  runs  having  identical 
test  conditions. 

BACKGROUND INFORMATION 

Included  as  a  part  of  the  Space-Shuttle-orbiter  testing  program  was  a 
series  of  five  free-flight  landings  to be performed  at  the  Edwards  Flight 
Center.  For  these  approach  and  landing  tests (ALT) the  orbiter  was  carried  to 
launch  altitude  on  top  of  a 747 airplane.  For  flights 1,  2, and 3 the  orbiter 
was  fitted  with  a  tail  cone  that  enclosed  the  rocket  nozzles.  The  final  two 
flights  were  made  with  the  tail  cone  removed. 

The  first  indication  of  a PI0 problem  occurred  on  landing  number 5. This 
was  the  only  landing  to be made on a  concrete  runway,  and  touchdown  was  to be 
made  at  a  particular  spot. As the  orbiter  approached  the  runway,  it  was  high 
and  fast  with  respect  to  the  nominal  trajectory.  The  pilot  was  working  the 
speed  brake  and  using  the  pitch  controller  in  order  to  attain  the  touchdown 
point. A pitch  oscillation  developed  with  the  elevons  operating  at  their  maxi- 
mum  rate. As the  shuttle  settled  to  the  runway,  one  wheel  hit  first  introduc- 
ing  a  roll  disturbance.  The  pilot  applied  roll  control.  Because  of  the  pitch 
commands,  priority  rate  limiting  (which  exists  in  the  software  because  of 
actuator  hydraulic-fluid  flow  limitations)  was  encountered  in  the  control 
system  and  aileron  commands  were  locked  out.  After  an  interval  approaching 
800 msec,  the  ailerons  deflected.  These  events  triggered  a PI0 in  roll.  When 
the  pilot  released  the  hand  controller  the  pitch  and  roll  oscillations  stopped. 

In  analyzing  the  flight  records  it  was  decided  that  the  primary  cause  of 
the  roll PI0 was  aileron  command-signal  lockout  due  to  priority  rate  limiting. 
The  remedy  for  this  difficulty  was  to  allow  some  roll-control  authority  at  all 
times. In  addition  to  this  cause,  other  reasons  for  the  occurrence  of  PIO's 
both  in  pitch  and  roll  are  believed  to  be  the  presence  of  time  delay  in  the 
digital  flight-control  system  and/or  rate  limiting  of  the  control  surfaces. 
Contributors  of  lesser  importance  could  be  the  torque-deflection  character- 
istics  of  the  hand  controller,  some  forward  loop  gains  in  the  control systemf 
the  influence  of  the  aerodynamic  derivative C L ~ , ~ ~ ~ ~ ~ ~  (change  in  lift  coef- 

ficient  due to elevon  deflection)  and  possibly  specifying  a  particular  touch- 
down  spot. Of these  various  factors,  only  the  effect  of  control-system  time 
delays  was  examined  in  the  present  study. 

DESCRIPTION OF APPARATUS 

The  tests  reported  herein  were  performed  in  the  Langley  visual-motion 
simulator (VMS) which is a  hydraulically  operated,  six-legged  synergistic  motion 
base.  (See  fig. 2.)  Six cmputed leg-positions are  used  to  drive  the  motion 
base.  The  computed  leg  extensions  are  passed  from  the  computer  to  the  motion 
base  through  digital-to-analog  converters (DAC) every 31.25 msec. To eliminate 
the  stair-stepping  in  this  output  and  provide  smooth  continuous  signals  for 
driving  the  motion  base,  the DAC outputs  are  passed  through  notch  filters on 
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the  hardware.  Filter  characteristics  are  given  in  reference 5, and  the  trans- 
formations  used  to  compute  the  leg  extensions  are  derived  in  reference 6 .  
References 5 and 7 give  the  performance  limits  of  the VMS. The  present  study 
used  the  coordinated  adaptive  washout of reference 8 .  The  equations  and  con- 
stants  for  the  motion  base  were  those  listed  in  reference 9 except  for  four 
parameter  values.  (In  the  nomenclature of ref. 9, the  four  parameters  and 
values  are: xy(0) = 1, = 1, qz(0) = 0.4, and  qz,min = 0 . 4 . )  The 
four  values  chosen  provide  improved  base  response  for  this  study. 

The pilot's  compartment  is  representative of a  two-man  cockpit  (fig. 3 ) .  
Although  the  panel  instruments  were  illuminated,  they  were  not  operational  and 
were  not  required  by  the  subjects.  Visual  cues of  the  target  aircraft  were 
generated  by  a  small  model  and  closed-circuit  television. The  model  was  mounted 
in  a  two-axis  gimbal  support  that  allowed  rotation  in  pitch  and  yaw.  Informa- 
tion on the  relative  motion  between  the  orbiter  and  target  aircraft  drove  the 
model so that  the  subject  saw  the  proper  aspect of the  target.  Target-aircraft 
roll  was  accomplished  electronically  by  proper  rotation of the  television 
raster.  Elevation  and  azimuth  changes  of  the  target  aircraft  in  the  display 
were  obtained  by  repositioning  the  television  raster  electronically. The 
repositioning  was  accomplished  by  using  scaled  voltages  to  represent  angles  of 
deflection  in  elevation  and  azimuth.  This  technique  eliminated  unwanted  delays 
in  visual-scene  display;  such  delays  occur  when  electromechanical  systems 
(involving  mirrors,  gears,  and  electric  motors)  are  used  to  obtain  elevation 
and  azimuth  positions.  The  image  was  displayed  by  use  of  a  television  screen 
(fig. 4 )  with  an  infinity  optics  mirror.  The  horizon  was  also  projected on the 
screen.  A  reticle  (two  crossed  lines)  was  projected on the  center  of  the  screen 
to  represent  sights  on  the  vehicle  flown  by  the  subject. 

The  subject used  a  two-axis  rotational  hand  controller  to  control  rota- 
tions  about  the  orbiter  pitch  and  roll  body  axes.  Torque-deflection  character- 
istics  are  given  in  figure 5. The  controller  is  shown  in  the  photograph of 
figure 3 .  Note  that  the  controller  location  (mounted  to  the  side  of  the  subject 
rather  than  in  the  center  position),  the  curves  of  torque  plotted  against  deflec- 
tion,  and  the  device  itself  differ  from  that  used  in  the  full-scale  shuttle 
orbiter.  The  output  signals  of  the  hand  controller,  however,  are  passed  through 
a  quadratic  shaper  and  are  limited as is  done  in  the  actual  shuttle  orbiter so 
that  curves  of  commanded  rate  plotted  against  handle  deflection  are  similar. 
(See  fig. 6.) 

All equations of the  simulation,  except  those  for  the  audio  task,  were 
solved on a  digital  computer.  The  digital  outputs  were  then  converted  to  analog 
signals  to  drive  the  visual-scene  and  motion-generation  equipment.  The  hard- 
ware at the  Langley  Research  Center  for  computer-signal  processing  from  analog 
to  digital  and  back  to  analog  can  be  represented  mathematically  as  a  prefilter, 
a  computational  delay,  and  a  zero-order  hold.  The  prefilter  attenuates  the 
analog  input-signal  high-frequency  components  to  suppress  "aliasing"  during  the 
analog-to-digital  conversion.  The  computational  delay  is  the  delay  associated 
with  the  input,  the  processing,  and  the  output of the  signal  through  the  com- 
puter.  Finally,  a  zero-order  hold  adds  one-half  the  computing  interval  caused 
by  the  sample-hold  characteristics. The  last  delay  represents  an  average  value 
for  that  portion of the  equipment  which  includes  the DAC. For  the  prefilter 
setting of this  study,  the  described  hardware  characteristics  create  an  average 
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time  delay  from  input  to  output  of 1.5 times  the  update  interval.  This  delay 
has  an  average  value of about 47 msec  which  becomes  part of the  delay  in  the 
visual-scene  presentation.  The  delay  due  to  the  scene-generation  equipment  for 
elevation  and  azimuth  line-of-sight  angles  to  the  target  was  small  as  was  the 
delay  due  to  the  televised  display  of  the  scene to the  subject.  Motion-cue 
presentation,  like  the  visual  display,  also  has  the  47-msec  time  delay. In 
addition,  the  motion-base  mechanical  drive  system  has  the  time  lags  after  com- 
pensation  that  are  described  in  reference 5. These  motion-base  lags  are, of 
course,  a  function  of  frequency.  The  lags  expressed as an  equivalent  time  delay 
were  of  the  order of 50 msec.  (See  table X in  ref. 2 for  further  information.) 

ORBITER MATH MODEL 

In  order  to  eliminate  the  time  required  to  develop  and  validate  a  math 
model  for  the  orbiter,  the  method  outlined  briefly  in  this  paragraph  was 
employed. A fixed-base,  six-degree-of-freedom,  man-in-the-loop  Space-Shuttle- 
Orbiter  Simulation  was  in  existence  at  the  Langley  Research  Center.  This  fixed- 
base  simulation  was  developed  to  study  various  aspects  of  the  orbiter  guidance 
and  control  system  through  a  range  of  operating  conditions  from  deorbit  through 
reentry to landing.  (See  ref. 10.)  This  simulation  has  been  continually  modi- 
fied  and  updated  as  changes  were  made  in  the  actual  orbiter  guidance-and-control 
software  in  order  that  the  simulation  remain  current.  This  simulator  had  no 
visual  display  that  could  accommodate  an  out-of-the-window  landing  task or 
tracking  task.  Because of the  lack of both  a  visual  display  and  motion  cues, 
the  simulator  was  inappropriate  for  the  study  of  pilot-induced  oscillations. 
However,  use  was  made  of  the  orbiter  math  model  of  this  simulation for an 
unusual  application  of  parameter-identification  technology.  Pitch-  and  then 
roll-control  inputs  were  introduced  during  a  landing  approach.  Control  inputs 
and  the  resulting  vehicle  motions  were  recorded  on  disc  storage.  By  these  data, 
effective  derivatives  were  extracted by  using  the  maximum-likelihood  parameter- 
extraction  techniques  available  at  Langley.  (See  ref. 1 1 . )  Thus, the  present 
simulator  used  parameters  extracted  from  another  simulation.  The  parameter 
values  obtained  are  for  the  vehicle  and  flight-control-system  combination. 
Thus, the  parameters  are  effective  derivatives  for  a  closed-loop  shuttle  orbiter 
having  perfect  actuators  with  no  rate  limiting.  (This  required  that  priority 
rate  limiting  be  eliminated.)  Thus,  all  delays  in  the  control  system  were 
eliminated.  The  equations  used  in  the  parameter-extraction  model  are,  of 
course,  the  same  equations  used  to  represent  the  orbiter  in  the  present  simu- 
lation.  These  equations  are  given  in  appendix A. A detailed  discussion  of 
the  process of orbiter-derivative  determination,  along  with  some  time-history 
comparisons,  is  contained  in  appendix B. The  flight  conditions  chosen  were: 
(1 )  300-knot  velocity, (2)  altitude  near  sea  level,  (3)  speed  brake  deflected 
50°, (4 )  body flap  fully  retracted,  and ( 5 )  landing  gear  deployed. 

PILOT'S  TASK 

Primary  Task 

The  primary  task,  as  in  references 1 to 4 ,  was  to  track  a  target  aircraft 
that  was  maneuvered  in  altitude  only.  The  target  was  initially  offset  30.48  m 
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(100 f t )   l a t e r a l l y  and   d r iven   i n  a l t i t ude  with a c o s i n e  wave of  very low 
frequency. The o s c i l l a t i o n  had  an  amplitude of 121.92 m (400 f t)  and a f r e -  
quency  of 0.052 rad/sec (a pe r iod   o f  2 min). Only t h e  f i r s t  ha l f -cyc le   o f   the  
c o s i n e  wave is used  for  each  run as a way o f   gene ra t ing  a crude  approximation 
of a landing t a s k .  Range to t h e   t a r g e t  was v a r i e d   l i n e a r l y   w i t h  time. Range 
was 182.88 m (600 f t )  a t  t h e   i n i t i a t i o n   o f  a run  and  91.44 m (300 f t )  a t  t h e  
te rmina t ion   of   the   run .  The reduct ion   in   range  was chosen   such   t ha t   t he   t a rge t  
would  grow i n   s i z e   u n t i l   t h e  wing  span  matched  the  width  of  the  horizontal   bar 
o f   t he  reticle. This  was an  attempt to  induce  the p i lo t  to  i n c r e a s e   h i s   g a i n  
as he  normally  does  during a l a n d i n g   f l a r e .  The s u b j e c t ' s  t a s k  was to  track 
t h e   t a r g e t  as c l o s e l y  as poss ib l e .   S imply   de f ined ,   t h i s  was t o  p l a c e   t h e  cross 
h a i r s  on t h e   c e n t e r  of t h e   t a r g e t  t a i l  pipe.  The pilot  used a hand c o n t r o l l e r  
and  could  apply  only  pi tch  and r o l l  commands to the   s imula ted   vehic le .  Total 
run time was 60 sec. 

Audio  Side T a s k  

The aud io   s ide  t a s k  used to i n c r e a s e   t h e   s u b j e c t ' s  workload was an appli- 
c a t i o n   o f   t h e  c r i t i ca l  i n s t a b i l i t y   t r a c k i n g  t a s k  of Jex   and   o thers   (e .g . ,  
refs .   12,   13,   and  14) .  The audio t a s k  used is depicted i n   f i g u r e  7. The t a s k  
r equ i r ed  tha t  t h e   s u b j e c t   t r y  to  maintain a c o n s t a n t  1200-Hz audio s i g n a l  by 
o p e r a t i n g  a thumb wheel  with h i s  l e f t  hand. The  thumb wheel   revolved  f reely 
and was not   spr ing  loaded.  The a u d i o   s i g n a l  was d r iven   w i th   t he   ou tpu t   o f   an  
uns t ab le   f i r s t -o rde r   l i nea r   sys t em  ove r  a range of 500 t o  1900 Hz mechanized 
to be hard   l imi ted .  The i n s t a b i l i t y  was s e t  a t  a s u b c r i t i c a l   l e v e l  to require 
f r equen t ,   bu t   no t   con t inuous ,   a t t en t ion .  A s  was po in ted  o u t  i n  reference 1 4 ,  
i n c r e a s i n g   t h e   i n s t a b i l i t y   i n c r e a s e s   t h e   a t t e n t i o n   r e q u i r e d   o f   t h e   s u b j e c t .  

The audio t a s k  included a memory upda te   i n   t he  form of a re ference   tone  
(1200 Hz) t h a t  was provided to t h e   s u b j e c t  as a pulse of s h o r t   d u r a t i o n  a t  
f ixed   i n t e rva l s   du r ing   t he   run .  The time s e t t i n g  was adjustable   depending  on 
the   sub jec t   and   i n s t ab i l i t y   va lue .   Typ ica l   va lues   u sed  were a 1/4-sec pu l se  
dura t ion  a t  10-sec i n t e r v a l s .   I n s e r t i o n   o f   t h e   r e f e r e n c e   t o n e  was c o n t r o l l e d  
by a switching c i rcu i t  ope ra t ed  by t h e   d i g i t a l  computer as i n d i c a t e d   i n  
f i g u r e  7. 

A l l  s u b j e c t s   u s e d   i n   t h e   p r e s e n t   s t u d y  were known to  have  normal  hearing. 
Reference   15   ind ica ted   tha t   for   normal   hear ing   the   jus t -not iceable   d i f fe rence  
in  the  frequency  range  around  1000 Hz is about 0.3 percent .   Thus ,   subjec ts  
should  be  able  to discr iminate   f requency  changes  of   the  order  of 3 to 5 Hz. 

SUBJECTS 

Five test s u b j e c t s  were used i n  t h e   i n v e s t i g a t i o n .  The i n d i v i d u a l s  are 
i d e n t i f i e d   i n   t h e   f o l l o w i n g   t a b l e :  
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Subject Comment  on experience Identity 

A I Research tes t   p i lo t  1 Was astronaut  candidate 

B Research t e s t   p i lo t  

C Astronaut 

D Astronaut 

I 

Flew full-scale  shuttle  orbiter 
during free-flight approach and 
landing tes t s  

Participated i n  a l l   p i loted simulation 
studies during orbiter development 

" 

E Was listed  as  subject A i n  time-delay Simulation  engineer 
studies of references 2 ,  3 ,  and 4 

TEST PROGRAM 

The s t u d y  consisted of  making simulated air-to-air  tracking  flights w i t h  
a linearized  version of the  Orbiter  vehicle and control-system combination. 
Numerical values of the  parameters used i n  the  equations of  motion to  represent 
the orbiter  configuration  are given i n  table I. The equations  are given i n  
appendix A. Simulator runs, each  of  60-sec duration, were  made by us ing  the 
same s e t  of i n i t i a l  conditions. Only the  sign on target   la teral   offset  was 
altered run to run for  variability. 

A sumary of the t e s t  configurations  for each subject is given i n  the 
following  table : 

Subject Identify 

Research pi lot  

Research pi lot  

Astronaut 

Astronaut 

Engineer 

No 
side task 

(a) 
X 

X 

X 

X 

X 

With 
side task 

(a) 
X 

X 

- 

- 

X 

.. . 

Side 
task  only 

(a) 
X 

X 

X 

aThe l e t t e r  X denotes that  the  configuration was tested:  the 
dash - denotes it was not tested. 
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Because  the  time  for  astronaut  participation  was  limited,  the  primary 
tracking  task  without  the  use of the  audio  side  task  was  selected as the  best 
test  configuration  to  meet  the  time  constraint.  Tests  with  the  side  task  were 
made  by  the  two  research  pilots  and  the  engineer  to  permit  data  comparisons 
with  a  test  situation  in  which  the  subjects  were  known  to  be  operating at their 
full  capacity.  Values of time  delay  were  inserted  into  the  simulation  immedi- 
ately  following  the  hand-controller  signals.  Delay  values  of 0,  4 ,  8 ,  12, and 
16 units  were  used.  Each  unit  represents  a  time  increment of 31.25 msec  which 
is  the  update  interval  of  the  digital  computer  used.  These  units  correspond 
to  delays of 0,  125,  250,  375, and 500 msec,  respectively.  For  subjects  A, D, 
and E 20 units  of  delay (625 msec)  were  also  used.  The  same  value of time  delay 
was  inserted  in  both  the  pitch-  and  roll-control  channels.  Six  simulation  runs 
were  made  for  each  value of time  delay  by  each  subject. The  different  time- 
delay  values  were  presented  for  testing  by  using  a  Latin  square  design.  Tests 
were  made  with  the  motion  base  active.  Runs  made  with  the  side  task  only  were 
obtained  under  fixed-base  conditions. In addition  to  this  basic  program,  some 
supplemental  tests  were  made by  using  subject B to  examine  briefly  the  effect 
of inserting  unequal  delay  values  in  the  pitch-  and  roll-control  channels. 

RECORDED  DATA 

Time-history  records of a  number of variables  were  obtained  for  every 
simulator  run.  Also,  brief  notes  were  taken of  subject  comments  at  run  termi- 
nation.  For  certain  runs,  pilot  ratings  using  the  Cooper-Harper  scale  were 
obtained.  For  each  run  rms  values  were  computed  for  a  number  of  selected 
parameters as  shown  in  the  following  table: 

Task 

Primary  task 

Side  task 

Parameter 

Elevation  line-of-sight  angle 

Azimuth  line-of-sight  angle 

Vertical  displacement 

Lateral  displacement 

Sum  of  vertical  and  lateral  displacements 

Pitch-control  input 

Roll-control  input 

Audio  tone  error 

Audio  thumb-wheel  input 

Side-task  pilot  gain 
~ 
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Three rms values  were ob ta ined   fo r   each  parameter for   each   run .  The rms va lues  
were o b t a i n e d   s e p a r a t e l y   f o r   t h e   f i r s t  30 sec of   the   run ,   the  l a s t  30 sec o f   t he  
run,  and a total  v a l u e   f o r   t h e  complete 60-sec run. 

Upon complet ion  of   the test schedule  a d e b r i e f i n g  was h e l d   f o r  a l l  s u b j e c t s  
except  E, s i n c e  E he lped   formula te   the   ques t ionnai re .  Most o f   t he   ques t ions   and  
a composite of   responses  are given i n  appendix C. Included were requests f o r  
pilot  r a t i n g s   f o r   v a r i o u s  test cond i t ions .  Note t h a t   t h e   q u e s t i o n n a i r e   g i v e n  
s u b j e c t  A was f a i r l y   s h o r t .  H e  was t h e   f i r s t   s u b j e c t   u s e d   i n   t h e   s i m u l a t i o n  
and  completed  the test  program prior to t h e   a r r i v a l   o f   t h e   a s t r o n a u t s .  The 
q u e s t i o n n a i r e  was expanded   fo l lowing   h i s   pa r t i c ipa t ion .  

RESULTS AND DISCUSSION 

General R e m a r k s  

Time h i s t o r i e s   o f  a s ing le   f l i gh t   pe r fo rmed  by s u b j e c t  B, showing  motion- 
base  response  under  PI0  conditions,  are p r e s e n t e d   f o r   r e f e r e n c e   i n   f i g u r e  8. 
A value  of  added time delay  of  500 msec was i n s e r t e d   i n   b o t h   t h e   p i t c h -   a n d  
ro l l - con t ro l   channe l s .  The aud io   s ide  t a s k  was no t   u sed .   Fo r   t h i s   pa r t i cu la r  
f l i g h t  a comparison  of  motion-base commands wi th   the   computed   f l igh t   da ta  
ob ta ined  from the   equat ions   o f  motion is g i v e n   i n   f i g u r e  9. T h i s   p a r t i c u l a r  
run was se lec ted   because  it showed considerable   motion  of   the  base  due to t h e  
d i f f i c u l t y   t h a t   t h e   s u b j e c t   e x p e r i e n c e d   w i t h   t h e  task.  

The bas ic   s tudy   conducted   here in   involved   the  two a s t r o n a u t s ,   t h e  two 
research   p i lo t s ,   and   the   one   engineer   us ing   the   p r imary  task only.  The purpose 
was to  de termine   the   e f fec t   o f   cont ro l - sys tem time d e l a y s  on t h r e e   f a c t o r s :  

(1 ) PI0  occurrence 
( 2 )  Vehicle  handling qua l i t i e s  
( 3 )  Tracking  performance 

The a d d i t i o n a l  tests wi th   t he   s ide  t a s k  f o r   t h e  two r e s e a r c h   p i l o t s  and  engineer 
were included to e s t a b l i s h   t h e   e f f e c t  of time de lay  when t h e   s u b j e c t s  were known 
t o  be fu l ly   occupied .  The p o s s i b i l i t y   t h a t   t h e   p i l o t   h a s  some r e s e r v e   c a p a b i l i t y  
on  which to draw when the   va lue   o f  time de lay  was increased   f rom  zero  is, thus ,  
e l i m i n a t e d   f o r   t h e s e  la t ter  tes ts .  D i f f e r e n c e s   i n   t h e   d a t a   f o r  tests with  and 
wi thout   the   s ide  t a s k  can  then  be  explained.   For   the  s ide task to  be  used  prop- 
e r l y  some e f f o r t  was made to  e s t a b l i s h   t h e   s u b j e c t ' s   w o r k l o a d  prior t o  t h e  
i n s e r t i o n   o f   a d d i t i o n a l   v a l u e s  of time delay.  Appendix D discusses   workload 
es tab l i shment   and   presents   the   da ta  for t h e   t h r e e   s u b j e c t s .  

PI0  Occurrence 

Following  each simulator run  the  subjects   designated  whether  or n o t  a PI0 
occurred,  which  channel  (pitch or ro l l )  was involved,  and when the  PI0  occurred 
during  the  run.  The t ime-his tory   records  were examined f o r   v e r i f i c a t i o n .  
R e s u l t s  were then   assembled   in   t abular   form  for   the   d i f fe ren t   subjec ts ,  time- 
delay  values ,   and test  configurat ions  examined.   Figure 1 0  p r e s e n t s  a c h a r t  
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i l l u s t r a t ing   t he   f r equency   o f   P I0   occu r rence .  N o  d i s t i n c t i o n  is made as to  
whether   the   PI0   occur red   longi tudina l ly  or l a t e r a l l y .  However, i f  a PI0 
occurred a t  t he   l a rge   de l ay   va lues ,   bo th  a long i tud ina l   and  l a t e ra l  P I0   u sua l ly  
occurred. The t a b u l a t e d  results also indicated  no  PIO's  a t  t h e  low values   of  
de lay   a l though a l l  s u b j e c t s   r e p o r t e d   t h a t   t h e y  could de tec t   t he   p re sence   o f   t he  
delay.  A t  about 250 msec of  added time delay  PIO's  began to occur. Est imat ion 
o f   t he   de l ay   p re sen t   i n   t he   o rb i t e r   f l i gh t - con t ro l   sys t em  du r ing   t he   approach  
and  landing tests (ALT) roughly  corresponds to th i s   va lue   o f   added  time de lay  
i n   t h i s   s i m u l a t i o n .  A comparison  of  the  research pilots '  resu l t s   wi th   and   wi th-  
o u t  the   audio  t a s k  i n d i c a t e s  a tendency   for   the  number of P I O ' s  to i n c r e a s e  a t  
a given  delay  value  and/or to  occur  a t  a lower de lay   va lue  when t h e   s i d e  t a s k  
was employed. Also, f i g u r e  10 i n d i c a t e s   f o r  a l l  d a t a   t h a t   i n c r e a s i n g  time 
delay  above 250 msec gene ra l ly   r e su l t ed   i n   an   i nc rease   i n   P I0   occu r rence .  

Time-history traces are p r e s e n t e d   i n   f i g u r e s  1 1  and 12 for severa l   sub-  
jects to   i l lus t ra te  t y p i c a l   l o n g i t u d i n a l   a n d  l a t e ra l  P I O ' s   f o r   t h i s  t a s k .  
Traces for   the  zero  t ime-delay case are also given to show  no pi lot- induced 
o s c i l l a t i o n s .  For t h e   l o n g i t u d i n a l  case ( f i g .  11) o s c i l l a t i o n s   o f   i n c r e a s i n g  
ampl i tude   appear   in   the   p i tch   a t t i tude   and   angle   o f  a t tack.  I n   t h e  l a t e r a l  
case ( f i g .  12) similar o s c i l l a t i o n s   u s u a l l y  were d e t e c t e d   i n   l i n e - o f - s i g h t  
angle  6 ,  c o n t r o l   i n p u t  6,, and in   angu la r  rate 6. T h e s e   o s c i l l a t i o n s  were 
i d e n t i f i e d   v e r b a l l y  as PIO's by t h e   s u b j e c t s .  Most of   the   PIO 's   encountered   in  
these  tests occurred  near  the  end of the  run. Some i n s t a n c e s   d i d  occur, how- 
eve r ,  where the   PI0  was genera ted   about   ha l f  way through  the  run.  These were 
u s u a l l y   i n   t h e  l a te ra l  channel .   In   such   s i tua t ions   the   normal  remedy was to 
release t h e   c o n t r o l s   u n t i l   t h e   s i t u a t i o n   s t a b i l i z e d .  Note t h a t   t h i s  was also 
the  technique  used by s u b j e c t  D a t   l a r g e   d e l a y s ,   s u c h  as f o r  T = 500 msec, and 
is the  reason why so few fu l ly   deve loped   PIO 's  were recorded for t h i s   s u b j e c t .  
(See   f ig .  10.) 

Simulated  Vehicle  Handling Qual i t ies  

Some assessment   o f   the   s imula ted   vehic le   handl ing  qua l i t i e s  f o r   t h e  track- 
ing t a s k  was obta ined   th rough  the  use  o f   p i l o t   r a t i n g s   a n d   p i l o t  comments. 
O n l y   t h e   a s t r o n a u t s   a n d   r e s e a r c h   p i l o t s   p a r t i c i p a t e d   i n   t h i s   e v a l u a t i o n .  P i lo t  
r a t i n g s  were ob ta ined  by using  the  Cooper-Harper  rating scale g i v e n   i n   f i g -  
ure 13. (See   re f .  16.) S u b j e c t s  were asked for r a t i n g s   d u r i n g   t h e  test ses- 
s ions   fo l lowing   runs  a t  spec i f i c   de l ay   va lues .   Ra t ings  were aga in   reques ted  
as a c ross -check   dur ing   the   debr ie f ing   sess ion .   F igure  14 summarized t h e s e  
results.  Three   o f   the   subjec ts  (A, B, and D) gave   on ly   one   ove ra l l   va lue   fo r  
each   condi t ion .   Subjec t  C, however,  gave t w o  va lues  for each   condi t ion .  The 
f i r s t   v a l u e  was assoc ia ted   wi th   the   p i tch   cont ro l ,   and   the   second  wi th   the  r o l l  
c o n t r o l .   I n   a d d i t i o n  to des igna t ing   PI0   occur rence ,  p i lo t  comments were solic- 
i t e d  a t  va r ious  times dur ing   t he  tests. Also, a q u e s t i o n n a i r e  was employed f o r  
t h e   d e b r i e f i n g   s e s s i o n   t h a t   r e q u e s t e d   d e t a i l e d  comments.  Appendix C c o n t a i n s  
most of the   ques t ions   appear ing   on   the   debr ie f ing   ques t ionnai re   and  a composite 
o f   t h e  replies. 

F igu re  14 shows tha t   fo r   t he   ze ro   t ime-de lay   cond i t ion   p i lo t s   gave   ove r -  
a l l  r a t i n g s  of 3 which is i n   t h e   s a t i s f a c t o r y   r e g i o n   o n   t h e   h a n d l i n g - q u a l i t i e s  
c h a r t .  Wi th   an   increase   in  time d e l a y   p i l o t   r a t i n g s   i n c r e a s e   i n d i c a t i n g ,  of 
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course, degraded handling quali t ies w i t h  increasing  delay. Values of p i lo t  
ratings of 4-1/2 to 6 for 250  msec of delay indicate some  need for improvement 
for this particular  tracking  task. Note that this value of delay approximates 
that  estimated  for  the  shuttle  orbiter during  the free-flight approach and land- 
ing tests. When the  side  task was added, subjects gave poorer pilot   ratings 
by generally 1 t o  2 units across  the range of time delays. T h i s  is an obvious 
indication of a very high workload situation  for  the combined task. 

Astronauts' comments  on the  simulated  vehicle were that it seemed reason- 
ably close  to a 300-knot orbiter. Although the hand controller i n  the  simulator 
differed from that i n  the shuttle  orbiter,  the  astronauts felt   that   the  effect  
on t h i s  time-delay s t u d y  was  of second order. All subjects commented that  the 
lateral  tracking task was  more troublesome than vertical  tracking.  Difficulties 
resulting i n  P IO ' s ,  however,  were obtained i n  both channels. Most of the  diffi- 
cul t ies  i n  handling qual i t ies  were found to  occur near the end  of the run. I n  
addition,  the  difficulties  increased  as time delay  increased. For a more 
detailed  discussion,  see appendix C. 

Pilot Tracking Performance 

The basic experiment involved two factors, time delay and subjects. The 
effects of these factors  are examined here on only  four of the  various primary- 
task  variables recorded. Elevation  line-of-sight  angle  for  total run time and 
azimuth line-of-sight  angle  for  the l a s t  30-sec segment  of the run are  the two 
tracking measures considered. These two  were selected  since they are  associated 
with close  tracking. Note that azimuth. angle,  for  the f i r s t  30-sec  run  seg- 
ment, experienced large changes since this was primarily a target  acquisition 
phase and, therefore, was omitted. The remaining two variables  are hand- 
controller  inputs  for  pitch and roll  control  for the complete run. For tes ts  
wi th  the audio task,  the  three  side-task  parameters B ,  6,, and K, are pre- 
sented. An examination of a l l  the  task  variables recorded for each of the run 
segments ( f i r s t  30-sec  segment, l a s t  30-sec segment, and to t a l  60-sec seg- 
ment) was carried out. These results  are  omitted here b u t  are  discussed i n  
appendix E. 

- 

-s with  no side task.- A two-way analysis of variance 
(ANOV) for time delay and subject  effects wi th  no side  task is presented i n  
table 11. The line-of-sight  angles and controller  inputs show time-delay 
effects and subject  effects  that   are  statist ically  significant  at  the  5-percent 
level. I n  addition,  the  elevation  angle and the  roll-control  input show sig- 
nificant  interaction between the  delay and subjects. Since  the ANOV indicates 
that both time delay and subjects are  significant  factors,  t-tests and  Duncan 
multiple-range tests  (see  ref. 17)  were  performed to  see which levels of each 
factor were significantly  different  at  the  5-percent level. I t  should be 
noted that the  standard  error used i n  the  t-tests  for time delay was based on 
data pooled over a l l  time delays  for a given subject. I n  l ike manner, the 
standard error used i n  the Duncan multiple-range test  for  subject  effects was 
based on data pooled over all  subjects  for a given time delay. 

Time-delay effects  with-no side  task.- Means, standard  deviations, and 
t - tes t  values  for time-delay effects  are  presented i n  table 111, and the mean 
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values of the  performance  measures  for all  subjects  are  plotted  as  functions 
of time  delay  in  figure  15  for  the  no-side-task  condition.  Each  point  repre- 
sents  the  mean  of  six  data  runs,  and  the  fairing  is  used  to  help  visualize  the 
statistical  significance of the  time  delays.  If  the  second  data  point,  plotted 
at  125  msec,  is  not  significantly  different  from  the  zero  delay  point  at  the 
5-percent  level,  the  line  continues  at  the  original  value.  For  each  larger  time 
delay,  the  line  continues  until  the  5-percent  significance  level  is  reached, 
at  which  time  the  line  is  drawn  to  the  data  point.  The  main  purpose of  the 
fairing  is  to  show  the  breakpoint  at  which  the  performance  begins  to  degrade. 
Consequently,  the  lines  are  not  extended  beyond  the  first  significantly  differ- 
ent  data  point  even  though  the  t-test  was  applied  at  all  time  delays.  Increas- 
ing  time  delay  generally  causes  a  degradation  in  pilot  performance.  The  break- 
point  in  the  rms  elevation  and  azimuth  line-of-sight  angles  occurs  at  250  msec 
for  four of the  subjects.  The  subjects'  pitch-control  inputs  also  show  a  break- 
point  at  250  msec  whereas  their  use of the  roll  control  was  altered  after 
125  msec. The  lower  breakpoint  value  for  roll  control  for  these  four  sub- 
jects  was  believed  to  result  because  of  the  inclusion  of  the  data  for  the  first 
30 sec of the  run.  For all  performance  measures,  subject E, the  research 
engineer,  had  performance  that  degraded  at  375  msec.  The  primary  reason  that 
subject E was  able  to  tolerate  larger  delays  before  his  performance  degraded 
was  because  he  made  pulse-type  control  inputs  rather  than  continuous  inputs. 
This  type  of  input  gives  the  subject  a  better  capability  to  detect  and  evaluate 
time  delays.  Subject  D  used  the  same  technique  but  to  a  lesser  extent.  Both 
subjects  D  and  E  tended  to  use  continuous-type  inputs  when  no  delays  were  present 
(See  ref.  2  for  related  experience.) It  is  worth  observing  that  the  location 
of the  breakpoint  in  the  line-of-sight  angles,  which  are  the  principal  task- 
performance  measures,  agrees  quite  well  with  the  added  delay  value  for  the 
appearance of PIO's  for all  of the  subjects. 

Subject  effects  with  no  side task.- The  Duncan  multiple-range  tests 
(ref. 17) for  subject  effects  with  no  side  task  are  presented  in  table  IV. The 
rms  azimuth-angle  results  are  not  tested  because  the ANOV (table 11) indicated 
no  subject  effect  on  azimuth  angle.  There  are  significant  interaction  effects 
between  subjects  and  time  delay  for  both  elevation  line-of-sight  angle  and  roll- 
control  inputs  as  indicated  by  the  ANOV. In the  case of  elevation  angle,  sub- 
ject A generally  has  significantly  larger  rms  values  than  the  other  subjects 
for  time  delays  up  to  250  msec  (table  IV) ; whereas  at  the  larger  delays  sub- 
ject E tended  to  have  smaller  values  than  some  of  the  other  subjects.  The 
subject  effects  are  less  consistent  for  roll-control  inputs.  However,  sub- 
ject C generally  used  significantly  larger  roll-control  inputs  at  all  time 
delays,  and  subject  B  used  larger  inputs  at  large  delays  than  did  the  other 
subjects.  Pitch-control  inputs  show  a  subject  effect  only  at  zero  added  delay 
where  subjects C and E have  inputs  that  are  significantly  larger  than  the  other 
subjects. 

Statistical  analysis  with  side task.- A two-way  analysis of variance  (ANOV) 
for  time  delay  and  subject.  effects  when  using  the  side  task  is  presented  in 
table V. Both  the  primary-task  performance  measures  and  the  side-task  per- 
formance  measures  show  time-delay  effects  that  are  significant at the  5-percent 
level. In addition, all  performance  measures  except  azimuth  line-of-sight 
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ang le   and   ro l l - con t ro l   i npu t  show s i g n i f i c a n t   s u b j e c t   e f f e c t s   f o r   t h e   t h r e e  
s u b j e c t s  who used t h e  audio s i d e  t a s k .  

T i m e - d e l a y e f f e c t s _ _ w i t h .  side- tas.k.- Means, s t anda rd   dev ia t ions ,   and  t-test 
va lues   fo r   t ime-de lay   e f f ec t s  are p r e s e n t e d   i n  table V I ,  and  the mean va lues   o f  
the  performance measures are p l o t t e d  as func t ions  of time de lay  i n  f igure   16 .  
The e f f e c t   o f  time d e l a y   i n  pi lot  per formance   wi th   the   s ide  t a s k  is q u i t e  
similar to tha t   expe r i enced   w i thou t   t he   s ide  t a s k .  One except ion  is s u b j e c t  B 
whose e leva t ion-angle  results degrade  125 msec sooner (a t  125 msec) than was 
t h e  case €or no s i d e  t a s k  even  though  subject B began to  use   l a rge r   p i t ch -  
con t ro l   i npu t s   125  msec sooner   in   an attempt to keep t h e   e l e v a t i o n   l i n e - o f -  
s i g h t   a n g l e  small. The o ther   except ion  is t h a t  a l l  t h r e e   s u b j e c t s  who used  the 
audio task e x h i b i t e d   b r e a k p o i n t s   i n   r o l l - c o n t r o l   i n p u t s   t h a t  occur a t  l a r g e r  
time de lays   than  when they  had  no side t a s k  to  perform. I t  is b e l i e v e d   t h a t  
t h i s  is because t h e   s u b j e c t s   d i d   n o t  track azimuth  angle  as t i g h t l y  when t h e  
side task was included.  (Compare azimuth-angle   levels   with  and  without  side 
task.)  The error i n   t r a c k i n g   t h e  audio s i g n a l   o f   t h e  side task degrades a t  
250 msec f o r   s u b j e c t  B and a t  375 msec f o r   s u b j e c t s  A and E. I n   a d d i t i o n ,   t h e  
p i lo t  gain  achieved by s u b j e c t  B degrades a t  250 msec, whereas   t ha t   o f   sub jec t  A 
degrades a t  375 msec. Subjec t  E was a b l e  to  ma in ta in   t he  same value   o f  p i lot  
gain  over  a l l  time de lays .  

Sub jec t  effects wi th  side t a sk . -  The  Duncan mult iple-range tests 
(ref .  17) f o r   s u b j e c t   e f f e c t s  when u s i n g   t h e   a u d i o   s i d e  t a s k  are presented  i n  
t a b l e  V I I .  The g r e a t e s t  subjec t  d i f f e r e n c e   o c c u r s   i n  p i lo t  ga in  K, i n  which 
s u b j e c t  E achieved much l a r g e r   p i l o t - g a i n   v a l u e s   t h a n   e i t h e r   s u b j e c t s  A or B. 
This  was expected  because  of  the  form of the   uns t ab le   f i r s t -o rde r   sys t em pro- 
gramed (see r e f .   3 )   a n d   t h e   v a l u e s   o f   t h e   i n s t a b i l i t y  1 used f o r   t h e   s u b j e c t s .  
Even with a more d i f f i c u l t  t ask ,  subjec t  E is able to  maintain  an error i n   t h e  
a u d i o   s i g n a l   t h a t  is g e n e r a l l y  smaller than   sub jec t  A or B. Another   s ign i f i -  
c a n t   s u b j e c t   d i f f e r e n c e  occurs i n   t h e   e l e v a t i o n   a n g l e   w h e r e   s u b j e c t  A has a sig- 
n i f i c a n t l y   l a r g e r  error t h a n   e i t h e r   s u b j e c t  B or E. 

- 

Performance  delay  assessment.-  O f  t he   va r ious  parameters p rev ious ly  d i s -  
cussed, the  two of major consequence  in a performance  assessment are t h e  
azimuth  and  e levat ion  l ine-of-s ight   angles .  I t  was these  two parameters t h a t  
t h e   s u b j e c t s  were cont inuous ly   a t tempt ing  to n u l l .  Only the   b reakpo in t s   fo r  
the   l ine-of -s ight   angles   need  be c o n s i d e r e d   s i n c e   t h e s e   e n t i t i e s  embody t h e  
s ta t i s t ica l  ana lys i s   o f   t he   t ime-de lay   e f f ec t .  For the  no-side- task  condi t ion 
(see f i g .  15), the  t ime-delay  breakpoint  occurs a t  250 msec f o r   t h e  two astro- 
nauts   and  the two re sea rch  pilots. Only the   b reakpo in t  for subject E d i f f e r e d  
and t h i s  occurred a t  375 msec. I n   a d d i t i o n ,   t h e   b r e a k p o i n t   o c c u r r e d  a t  t h e  
same delay   va lue   for   bo th   l ine-of -s ight   angles   for   each   subjec t .  I t  is i n t e r -  
e s t i n g  to  obse rve   t ha t   t he   b reakpo in t  a t  250 msec f o r ' t h e   f o u r  p i lo t  s u b j e c t s  
is the   de lay   va lue  a t  which P I O ' s  were f i r s t   e n c o u n t e r e d .   ( S e e   f i g .  10 . )  
During  the tests with no side task s e v e r a l   s u b j e c t s  commented on the   h igh  work- 
load a t  the   end   of   the   run  when l a rge   va lues   o f  added time de lay  were p resen t .  
For   these tests, however, no c o n s t r a i n t s  were placed  on t a s k  loading.  There- 
f o r e ,  as time de lay   i nc reased   t he   sub jec t   cou ld  work harder .  The tests made 
w i t h   t h e   s i d e  t a s k  provided a c o n t r o l  on t a s k  l oad ing   fo r   t he   t h ree   sub jec t s .  
R e s u l t s  show t h a t   f o r   s u b j e c t s  B and E the   t ime-delay  breakpoint  was t h e  same 
value  for   one  l ine-of-s ight   angle  as for   the  no-side- task case. For the   o the r  
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l ine-of -s ight   angle ,   however ,   the   b reakpoin t  was 125 msec less t h a n   f o r   t h e  no 
s ide - t a sk  case. 

Thus, it a p p e a r s   t h a t   s u b j e c t s   u s i n g   t h e   s i d e  t a s k  and known t o  be operat- 
ing  a t  t h e i r   f u l l   c a p a c i t y  a t  a l l  de l ays  show b reakpo in t s  somewhat less than 
when t e s t e d   w i t h   n o   s i d e  t a s k .  The in fe rence   o f   t he   p roceed ing  comments is t h a t ,  
for this particular t r a c k i n g  t a s k ,  added  delays  of  no more than  125 msec i n  each 
c o n t r o l   c h a n n e l  would e l i m i n a t e  PIO's and still show no  degradation statisti- 
c a l l y  i n  t racking   per formance .   Ext rapola t ion  of t h e s e   r e s u l t s  to the   l anding  
t a s k ,  however ,   requi res   fur ther   s tudy .  

Supplemental   Tests  

Tests o f   t he   bas i c   s tudy  were per formed  wi th   the  same value  of  added time 
de lay   i n se r t ed   i n   t he   p i t ch -   and   ro l l - con t ro l   channe l s .   Fo r   t he  actual s h u t t l e  
o r b i t e r ,  however,  such a s i t u a t i o n   n e e d   n o t  occur. Therefore ,  some tests were 
performed  by  using a mismatched set of delays.  Data were ob ta ined   w i th  a con- 
s t a n t   d e l a y   i n   t h e  r o l l  channel  and  varying amounts o f   de l ay   i n   t he   p i t ch   chan-  
nel.  Because a l l  s u b j e c t s   f e l t   t h e  l a t e ra l  t r a c k i n g  t a s k  was t h e  more trouble- 
some o f   t h e  t w o ,  the   va lue   o f  T r  was chosen to  be less than  that   correspond-  
ing to i n i t i a l  PI0 occur rence   i n   t he   bas i c   s tudy .  The va lue   o f  T r  s e l e c t e d  
was 125 msec ( T r  = 4 u n i t s )  . This   cho ice   fo r  T r  r ep resen t s ,   o f   cou r se ,  a 
r e d u c t i o n   i n   t h e   d e l a y   p r e s e n t   i n   t h e   p a r t i c u l a r   s h u t t l e - o r b i t e r   c o n f i g u r a t i o n  
cons idered   here in .  As ment ioned   p rev ious ly ,   t he   a s t ronau t s   i nd ica t ed  a reason- 
ab le   match   of   the  simulator wi th  a 300-knot o r b i t e r  when Tr = Tp = 250 msec. 

R e s u l t s  o b t a i n e d   f o r   s u b j e c t  B are g i v e n   i n   f i g u r e  17 and  compared  with 
t h e   d a t a   f o r  e q u a l  de l ay   va lues   i n   bo th   con t ro l   channe l s .  The f i g u r e  shows 
t h a t  PI0 tendencies  still e x i s t   f o r   t h e  mismatched  delay  condition:  however, 
PIO's were i n i t i a l l y   e n c o u n t e r e d  a t  375 msec ra the r   t han  a t  250 msec of   de lay .  
With  mismatched d e l a y s ,   t h e  number of PIO's a t  a given  delay was smaller and, 
i n   a d d i t i o n ,   t h e  PIO's encountered were a l l  p i t c h  PIO's. Even so, t h e   p i l o t  
r a t i n g s   g i v e n  by s u b j e c t  B show l i t t l e  d i f fe rence   be tween  the  two cond i t ions .  
(See  appendix C f o r   s u b j e c t  comments.) Tracking  performance,  however, showed 
an  improvement i n  rms e leva t ion   and   az imuth   l ine-of -s ight   angles  a t  t h e   l a r g e r  
delays.  As a consequence,   the   degradat ion  in   t racking  performance  depicted by 
t h e   b r e a k p o i n t   i n   t h e  s ta t i s t ica l  a n a l y s i s  was s h i f t e d  to a l a r g e r   d e l a y   v a l u e  
f o r   t h e  mismatched  condition. 

The major i m p l i c a t i o n   o f   t h e s e   r e s u l t s  is t h a t   r e d u c i n g   t h e  t a s k  d i f f i -  
c u l t y   i n  one   channel   y ie lds  a r e d u c t i o n   i n  PI0 occurrence  and  improvement i n  
t racking  performance i n  t he   o the r   channe l .   Fo r   t he   Space -Shu t t l e   o rb i t e r ,  
t he re fo re ,   any   r educ t ion   t ha t   can   be  made i n   t h e  time d e l a y   p r e s e n t   i n   e i t h e r  
c o n t r o l   c h a n n e l  w i l l  r e s u l t   i n   a n  improvement i n  PI0 tendency  and  t racking per- 
formances  in   both  channels .  

CONCLUSIONS 

A brief   experimental   s tudy  using  the  Langley  visual-motion  s imulator   has  
been made to de te rmine   t he   e f f ec t   o f   con t ro l - sys t em time d e l a y s  on  pilot-induced 
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o s c i l l a t i o n  (PIO) Occurrence ,   vehic le   handl ing   qua l i t i es ,   and  pi lot  t r a c k i n g  
performance  for  a landing-approach  configurat ion of a Space-Shut t le-orbi ter  con- 
f i g u r a t i o n .  A l i n e a r i z e d  math model was employed which   r ep resen ted   t he   o rb i t e r  
vehicle  and  control-system  combination  with  almost a l l  control-system time 
d e l a y s  removed. Add i t iona l  time d e l a y s  were then   inser ted   immedia te ly   fo l lowing  
t h e  pi lot ' s  hand-cont ro l le r   s igna ls .   Only   p i tch   and  roll commands were used 
for v e h i c l e   c o n t r o l .   I d e n t i c a l   d e l a y   m a g n i t u d e s  were i n s e r t e d   i n   b o t h   c o n t r o l  
channels.  The simulation  employed an air-to-air t r a c k i n g  t a s k  as a means of 
emphasizing PI0 tendencies .   Tracking  runs  of   60-sec  durat ion were performed i n  
which t a r g e t   a l t i t u d e  was v a r i e d  as a cos ine   func t ion ,   and   range  to  t h e   t a r g e t  
was reduced  l inearly  from  182.88 m (600 f t )  to 91.44 m (300 f t ) .  Two astro- 
nau t s ,  two resea rch  p i lo t s ,  and  one  experienced  simulation  engineer were used 
as test  subjects. An audio side t a s k  was used for some tests by s e v e r a l  sub- 
jects to a s s u r e   t h a t   t h e y  were fu l ly   occup ied  a t  a l l  times. R e s u l t s  of t h e  
s tudy   ind ica ted   the   fo l lowing   conclus ions :  

1 .   As t ronauts   ind ica ted   the   s imula ted   vehic le   approximated  a 300-knot 
s h u t t l e  orbiter when 250 msec of time d e l a y   ( e s t i m a t e d   f o r   t h e  orbiter used 
in   the  approach  and  landing tests) was added to both   channels   o f   the   cont ro l  
system. 

2. PIO's  were found to occur long i tud ina l ly   and /o r   l a t e ra l ly   nea r   t he   end  
o f   t he   t r ack ing   runs  ( a t  reduced range) when time de lays   o f  250 msec or more 
were added to both   the   p i tch   and  rol l  channels  of the   con t ro l   sys t em  o f   t he  
s imula ted   vehic le .  

3 .   Assessment   o f   vehic le   handl ing   qua l i t i es   us ing  pi lot  r a t i n g s   i n d i c a t e d  
that  w i t h  ze ro  added time d e l a y   t h e  simulated v e h i c l e  had s a t i s f a c t o r y   r a t i n g s .  
Inc reas ing  time de lay  degraded t h e   v e h i c l e   h a n d l i n g   q u a l i t i e s .  For an added 
time de lay  of 250 msec t h e  pi lot  r a t i n g s  were a t  a leve l   sugges t ing   need  for 
improvement f o r   t h i s  particular t r a c k i n g  t a s k .  

4 .  The rms t r a c k i n g  resul ts  for   az imuth   and   e leva t ion   l ine-of -s ight   angles  
i n d i c a t e d   t h a t  a performance  degradation  occurs when added time d e l a y s   i n s e r t e d  
in   t he   con t ro l   sys t em  exceed  250 msec. Resu l t s   w i th   t he  side  task were similar 
for  azimuth  angle;  however,  one subject showed  an e leva t ion-angle   degrada t ion  
a f t e r   on ly   125  msec o f   de l ay  was added. 

5. Data f o r  mismatched   de lays   ind ica ted   tha t   reducing   the  t a s k  d i f f i c u l t y  
in   one  channel  (i.e., reducing   the   de lay   va lue)   y ie lded  a r e d u c t i o n   i n  P I0  
occurrence  and  an  improved  tracking  performance  in  both  channels. 

Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton, Wi 23665 
January  2,  1980 
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APPENDIX A 

EQUATIONS OF MOTION 

The e q u a t i o n s   u s e d   i n   t h i s   s t u d y  for the   Space -Shu t t l e  orbiter are w r i t t e n  
abou t   t he  body axes and are as follows: 

Aerodynamic ~- force terms: 

1 

2 
-pv% 

ax = - (cx,o + c x a q  
m 

1 - ov2s 

R o t a t i o n a l   e q u a t i o n s  of motion: 
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APPENDIX A 

I n  equations ( ~ 1 )  to (A6) , 

W 

U 
cc = tan-1 - 

v = (v.2 + vy2 + v, 21'12 

and 

u = RlV, + R2Vy + R3Vz 

v = mlV, + m2Vy + m3Vz 

w = nlV, + n2Vy + n3V, 

The orbiter's  orientation and velocity  relative  to  inertial  coordinates 
(assuming  a f l a t  Earth)  are  required  to  generate the  proper position of the 
target  relative  to t h e  orbiter. The orientation of the  orbiter is specified 
by Euler angles. These are determined from body angular rates by 

(i) = p + q s i n  cp tan o + r cos cp tan o 

6 = q cos cp - r s i n  cp 

1 
j, = ( r  cos cp + q s i n  cp)- 

cos e 

Inertial  accelerations  are given by 
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v, = R3ax + m3ay + n3aZ + g 

Direc t ion   cos ines  are def ined  as follows: 

R1 = cos JI cos 0 

R2 = s i n  $ cos 0 

R3 = - s in  0 

m1 = cos $ s i n  0 s i n  cp - s i n  $ cos cp 

m2 = s i n  J, s i n  0 s i n  cp + cos J, cos cp 

m 3  = cos 0 s i n  cp 

n = cos J, s i n  0 cos cp + s i n  J, s i n  cp 1 

n2 = s i n  J, s i n  8 cos cp - cos J, s i n  cp 

n3 = cos 0 cos cp 

A l l  s imula tor   runs  were started wi th   t hese   de r iva t ive   va lues .  
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APPENDIX  B 

ORBITFZ  DERIVATIVE  DETERMINATION 

The  method  employed  herein  to  model  the  Space-Shuttle  orbiter  was  to  use 
an  existing  fixed-base  orbiter  simulation  and  an  existing  parameter-extraction 
computer  routine  in  order  to  obtain  effective  derivatives  for  the  orbiter 
vehicle  and  control-system  combination. 

The  base-line  configuration  had  the  following  characteristics: 

(a) No priority  rate  limiting 

(b)  Perfect  actuators  with  no  rate  limiting 

(c) Body  flap  retracted 

(d)  Speed  brake  deflected 50° 

(e)  Landing  gear  deployed 

Several  simulator  runs  were  made  in  which  pulse-type  inputs  in  pitch  and 
roll  were  applied.  Since  the  control  system  was  active,  pulse  inputs  of  l-sec 
duration  were  made  in  the  hand-controller  signals  instead  of  elevon  deflection. 
The simulator  runs  were  started  with  the  following  landing-approach  conditions: 

0 = -17.56O 

cx = 4.325O 

V = 158.06 m/sec (518.57 ft/sec) 

h = 1200.24 m (3937.79 ft) 

For  each  run,  a  number  of  motion  variables  and  controller  inputs  were 
recorded  on  disc  storage.  These  variables  served  as  inputs  to  the  parameter- 
extraction  program. R u n  times  were 6 to 8 sec.  These  runs  were  of  sufficient 
length  to  permit  parameter  evaluation. 

The  parameter-extraction  program  of  reference 13 was  used  to  establish 
numerical  values  for  the  various  effective  derivatives.  This  program  employed 
a  conventional-airplane  math  model  and  equations  of  motion  written  about  the 
body  axes. The  equations  used  were  the  following  parameter-extraction 
equations: 
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1 

2 
-pv% 

u = - q w + r v - g s i n O + -  
m 

- pvzs 

v = -ru + pw + g cos 8 s i n  cp + - 2 Pb 
m [CY,O + CY@ + CY p - 2 v  + CY6a6,1 

-pV2Sb 
1 

. Ixz IY - Ix  Ixz 2 
r = p - - p q  - q r - + -  

12 IZ  IZ  IZ 

rb  Db 1 
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APPENDIX B 

In applying  the  program  several  derivatives  such  as  Cyr  which  normally  appear 

in  the  equations  were  set  to  zero  and  held  constant. As a  consequence,  these 
terms,  since  they  were  inactive,  were  dropped  from  the  aforementioned  equations 
since  an  initial  extraction  attempt  indicated  extremely  small  magnitudes  for 
these  derivatives.  The  derivative  contributions  due  to  angle  of  attack  appear 
in  the  equations  multiplied  by  the  increment  in  angle of attack  from  some  trim 
value.  The  trim  angle  of  attack at in  the equations  was  chosen  as the a that 
existed  at  the  start  of  the  run  (at = 4.325O). In  applying  the  extraction  pro- 
gram  the  aforementioned  equations  were  divided  into  two  sets:  one for longi- 
tudinal  motions  and  one  for  lateral  motions. 

For  longitudinal  motions  only  the  equations  for  u,  w,  and  q  were  used. 
In  addition,  the  values  for r, p, vI and cp were  set  to  zero  and  held  fixed. 
Also,  the  hand-controller  input  was  only  a  pitch  pulse.  The  numerical  values 
extracted  were  as  follows: 

Cx, = 0.3384 Cza = -3.4490 Cmcl = -0.0253 

Czq = -17.5013 
= - 1 6 * 4 4 3 1  

de = 0.5744 ‘m6e = 0.2922 

Time-history  traces  comparing  several  simulation  variables  with  traces  computed 
by  using  the  aforementioned  derivative  values  for  the  same  controller  input  are 
given  in  figure 18. The  terms  ax  and ?z plotted  in  figure 18 are  the  aero- 
dynamic  contributions  appearing  in  the  u  and w equations.  (See  also 
eqs. (A1 ) and (A3) .) The  controller  input  in  both  cases  as  shown  in  figure 78 
was a pulse  inserted  at  t = 1 sec  and  removed  at  t = 2 sec. 

For lateral  motions  only  the  equations  for  v,  p,  and r were  used. Note 
that  for  the  lateral  case  the  values for the  longitudinal-motion  variables  u, 
w, and 8 that  were  recorded  on  disc  storage  were  used  in  the  equations  during 
the  extraction process. The  hand-controller  input  signal  used  as  the  distur- 
bance  was  a  single-roll  pulse of l-sec duration. This  pulse  was  inserted  at 
t = 1 sec as was  done  in  the  longitudinal  case.  The  numerical  values  extracted 
were  as  follows: 

cy,o = 0.00001 Cz,o = -0.00007 Cn,o = 0.00022 

CyB = -4.8484 CzB = 0.1518 CnB = 0.8309 
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Czr = 0.1070 Cnr = -1 -3931 

Cyp = 0.1323 Clp = -0.3422 C = 0.2717 
"P 

= -0.0292 &a = 0.0265 a = 0.0004 

Time-history traces comparing several  simulation  variables w i t h  traces computed 
by using these  derivative  values  for t h e  same controller  roll  input  are given i n  
figure 19.  

The extraction program  used  employs an i terat ive technique to   arr ive  a t   the  
best match  between the  reference and  computed time histories. This  scheme 
requires  several  passes through the program. Following each pass an adjustment 
is made to the derivative values. This  continues u n t i l  a performance criterion 
is minimized. The  computed time histories i n  figures 18 and 19 represent  the 
best match for  the mathematical model specified. 
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DEBRIEFING QUESTIONNAIRE AND COMPOSITE 

OF REPLIES 

Quest ions  presented to the   a s t ronau t s   and   r e sea rch  pilots dur ing   debr ie f -  
ing  and a composite of the   answers   and/or   per t inent  comments are as follows: 

(1) Is t h e  t a s k  a reasonable  one  for  examining orbiter PIO's  due to t h e  
presence of system time de lays?  

Subject C: The t a s k  po in t s   ou t   t he   t endency  for PIO's  as time de lay  
inc reases .  I t  is hard,  however, t o  relate t h i s  t a s k  d i r e c t l y  to  t h e  
landing PI0  problem. 

Sub jec t  D: One might be a b l e  to draw some conc lus ions  from t h i s  t a s k ;  
however,  you'd  have to be v e r y   j u d i c i o u s   i n   i n t e r p r e t i n g   t h e  results. 
I t  is true tha t   fo rma t ion  tasks tend to g e t   y o u r   g a i n s  up; and i f  you 
have   t rouble   f ly ing   these  t a s k s ,  then  you w i l l  uncover some cha rac t e r -  
istics t h a t   p e r h a p s  may g i v e   t r o u b l e   i n   t h e   l a n d i n g  task. How much 
trouble, however, is d i f f i c u l t  to  estimate. It  would c e r t a i n l y   p o i n t  
o u t  t h a t  a problem e x i s t s   w i t h   t h e   f l i g h t   c o n t r o l   s y s t e m   f o r   r a p i d  
precise inputs .  The formation t a s k  is also i n s t r u c t i v e   i n   g i v i n g   a n  
idea o f   one ' s   t o l e rances   w i th  t h e  particular system to t h e   e f f e c t s  of 
delays.  

(2 )  Does a PI0 tendency   ex is t :  (a) Longi tudinal ly? (b) L a t e r a l l y ?  

I S u b j e c t  

Mode 

Longitudinal  I Yes 1 Yes 

Lateral 

C 

Yes 

Yes Yes 

( 3 )  I f  SO, a t  what  value of time de lay  ( i n   u n i t s )  does t h i s  become 
no t i ceab le :  (a) Longi tudinal ly? (b) L a t e r a l l y ?  (Note t h a t  1 u n i t  of time 
delay is e q u a l  to 31 .25 msec.) 

Mode 

I Longitudinal  

Late ra 1 

T 
A 

16 

8 

~ 

Time d e l a y   f o r  
sub jec t  - 

T - T T  I 
12 

8 
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A l l  subjects  stated  that they could detect  the presence of  time delay upon 
insertion of the f i r s t  increment (4  u n i t s ) .  

( 4 )  Which is more susceptible  to PI0 - the  longitudinal  task or the  lateral  
task? 

A l l  subjects: The l a t e ra l  task. 

(5) I n  performing the primary task, which is the more d i f f i c u l t  - the 
longitudinal  task or the l a t e ra l  task? Does t h i s  apply for a l l  time delays? 

A l l  subjects:  Lateral t a s k  a t   a l l  delays. 

Subject A commented that stopping lateral   translation is the problem. 

Subject B commented that only i n  the  case of very large  delays (16 or 
20 units), wi th  a large  vertical  tracking  error  occurring near the end  of the 
run, would the longitudinal  task become  more d i f f icu l t  than  the la teral  task. 

Subject D commented that  the  lateral  task was  more d i f f i c u l t  even a t  zero 
delay. On occasion he  had a tendency to  overcontrol and get a l i t t l e  wing 
wobble. 

(6) D o e s  the  simulation provide  adequate representation of the Space- 
Shuttle  orbiter? 

Subject C: The stick is different. I t  feels  different and the grip 
is different. Also, it is positioned  off  to  the  side where our st ick 
is i n  the middle. Our stick is cocked off 19O to  al ine w i t h  your fore- 
arm  when s i t t i n g  i n  the  seat w i t h  your  elbow  on your leg. Our  new 
s t i c k  has heavier  forces so it feels  different. Now the  vehicle 
response to  control  input is probably pretty  close i f  t h i s  is supposed 
to be a 300-knot orbiter. I have to keep t h i n k i n g  about airspeed 
because the  orbiter responds differently  as it slows down. If there 
is any difference, I would say it seems to  be a l i t t l e  snappier i n  
response to   ro l l .  I t  is essentially deadbeat and the  orbiter is that 
way so i t 's  not dramatically  different. I t  is reasonably close  as 
near as I can t e l l .  

Subject D: The type of responses are not u n l i k e  those I 've seen i n  
other  orbiter  simulators. I t  is masked by the s t i c k .  The s t i c k  wasn ' t  
comfortable for me and was not like  flying  the  orbiter  stick. 

( 7 )  A t  what time delay does this simulator  best  represent  the  orbiter? 

Subject D: My impression is somewhere around 8 u n i t s .  Th i s  seems to  
be i n  the  ball park with other  simulations  I've seen. With the OFT 
versions  (orbital  flight  trainer) I would guess somewhere between 4 
and 8 u n i t s ,  b u t  pushing closer  to 8 u n i t s .  

( 8 )  For t h i s  task is the  control power adequate: (a) I n  pitch? 
(b) I n  rol l?  
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Subjects B, -C, and D: Adequate   in   pi tch.  

Sub jec t  B: Adequate i n  ro l l  f o r  large d e f l e c t i o n s  b u t  p o s s i b l y   n o t  
for small d e f l e c t i o n s .  I t h i n k   t h i s  reflects t h e   n o n l i n e a r i t y  of t h e  
c o n t r o l l e r   o u t p u t .  A f a i r l y  low g r a d i e n t  - n o t   f o r c e   g r a d i e n t   b u t  
o u t p u t   g r a d i e n t  - e x i s t s   a r o u n d   t h e  trim p o s i t i o n  so t h a t  it is hard 
to make small inputs.   Thus,   you wind up ove rcon t ro l l i ng  j u s t  a l i t t le .  
This  was not iceable   even  a t  t h e   z e r o   d e l a y  case. 

Sub jec t  C: Adequate   in  roll .  

Subject D: Adequate i n  rol l  - i n   f a c t ,   c o n t r o l  power may be a l i t t l e  
more than   you 'd   want   in   the  small input   range.  

(9)  For this t a s k  are t h e   h a n d - c o n t r o l l e r   t o r q u e - d e f l e c t i o n   c h a r a c t e r i s t i c s  
a d e q u a t e   i n   p i t c h   a n d   i n  ro l l?  

A l l  s u b j e c t s :   P i t c h  adequate; ro l l  inadequate .   Sugges t ions   for  
improvement: (11 I n c r e a s e   t o r q u e - d e f l e c t i o n   g r a d i e n t   i n  rol l  c o n t r o l  
s i n c e  it is f a i r l y  low; (2 )  inc lude  damping in   hand-cont ro l le r  r o l l  
ax is. 

Coment:  Low t o r q u e   g r a d i e n t  and  no  damping  coupled  with  nonlinear 
ou tput  may have  aggravated some of   t he  PI0  tendencies .  

(10) The maximum d e f l e c t i o n   i n   p i t c h   a v a i l a b l e   i n   t h e  hand c o n t r o l l e r   o f  
t h i s   s i m u l a t i o n  is less t h a n   t h a t   a v a i l a b l e   i n   t h e   s h u t t l e .  Was t h e  maximum 
d e f l e c t i o n   i n   p i t c h   a d e q u a t e   f o r   t h i s  task? Did  you eve r  employ f u l l - p i t c h  
hand-cont ro l le r   def lec t ion?  

~ l l  s u b j e c t s   i n d i c a t e d   t h a t   a v a i l a b l e   d e f l e c t i o n   i n   p i t c h  was cons iderably  
more t h a n   t h a t  required fo r   no rma l   con t ro l .   Seve ra l   sub jec t s  said they  never 
used maximum c o n t r o l l e r   d e f l e c t i o n .  The o t h e r s   i n d i c a t e d   t h a t   h i t t i n g   t h e   p i t c h  
stop might   possibly  have  occurred on in f r equen t   occas ions   du r ing   aggres s ive  con- 
t r o l  a p p l i c a t i o n s  or p o s s i b l y   i n  a PIO.  

(11) I f   t h e   o r b i t e r  hand c o n t r o l l e r  had  been used i n   t h e   s i m u l a t i o n  would 
it have: (a) Improved  your  tracking  performance? (b) Reduced PI0 tendencies?  

(a)  S u b j e c t s  C and D expected some improvement would occur i n  
ro l l -channel   t rack ing  . 

(b) Subjects C and D be l i eved  roll  PI0  tendencies  would be 
reduced. 

General  comment: A l a r g e r   l e v e l  of ro l l  d i f f i c u l t y  was encountered 
i n  this s i m u l a t i o n   t h a n   i n   o t h e r  orbiter s imula tors   f lown.  

(1 2) Do you f ee l   t ha t   r ea sonab le   changes   i n   hand-con t ro l l e r   cha rac t e r -  
istics (i.e., o f   t h e  order of 20 percent )  would  change  your basic f e e l i n g   a b o u t  
PIO's  due to the   p re sence   o f  time delays? 
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Subject B: It is  difficult  to  evaluate 20 percent  as  a  quantitative 
value.  As  indicated  earlier,  some  increase  in  force  characteristics 
in  the roll  axis  would  be  beneficial.  Whether  a  20-percent  increase 
would  do  it  or  not  would  have  to  be  evaluated  with  further  testing. 

Subject C: I don't  know  whether 20 percent  is  noticeable  or  not. 
The  controller  is  not  the  basic  cause of the  problem - it's  the 
presence  of  time  delays.  Changing  the  hand-controller  character- 
istics  won't  solve  the  basic  problem - at  least  not  completely. 
Subject D: Increasing  the  stick-force  gradient  helps  to  reduce  the 
PI0 tendency  because  it  slows  the  pilot  down  a  little  bit.  Thus,  a 
trend  does  exist  but I couldn't  quantify  it. It would  have  to  be 
tested . 

(13)  Do you ever  use  combined  control  inputs  or  are  pitch  and  roll  commands 
inserted  sequentially? 

Subject A: Mostly  use  single  inputs,  that  is,  one  axis  at  a  time. 
For  this  task  I  can  keep  the  control  inputs  separated.  Instances do 
occur,  however,  when  combined  controls  can  be  used  conveniently.  (For 
example,  with  a  lateral-control  input  in  one  can  put  in  a  little 
pitch  control. ) 

Subject B: For the  most  part  they  are  inserted  sequentially. At 
large  delays  I  use  a  more or less  bang-bang  technique.  At  low  delays 
(T = 0 and 4 units)  the  inputs  are  more  proportional  in  nature  but 
are  still  probably  separate. 

Subject C: I  use  combined  inputs.  I  do  when  flying  other  simu- 
lators  and  I  never  try  to  make  inputs  sequentiaily - at least  not 
intentionally. 

Subject D: My  technique  is  mostly  to  separate  them.  During  the 
first  maneuvers  where  I  can  make  a  sustained  movement  I  use  combined 
inputs.  However,  once  I  get  into  fine  tracking  I  make  separate 
inputs. 

(14)  Would  you  say "cross hairs on the  center of the  target  tail  pipe"  was 
the  tracking  goal? 

All  subjects:  Yes. 

Subject A: Tried  to  keep  cross  hairs  on  tail  pipe.  This  keeps  my 
gain up. If  less  than  tail  pipe  is  accepted at  large  delays, PI0 
may  not  occur. 
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Sub jec t  B: I t h i n k  
where t h e   c o n t r o l  s y  
cross h a i r s  as close 

t h a t  is a f u n c t i o n   o f  time delay.  For low de lays ,  
'stem was re spond ing   c r i sp ly ,  I tried to keep t h e  

to t h e   c e n t e r   o f   t h e  t a i l  pipe as t h e   v i s u a l  
r e s o l u t i o n   o f   t h e   s i m u l a t o r  would allow. Any d e v i a t i o n  from t h e  
c e n t e r  I would t r y  to  correct. So, I would say  I was ope ra t ing   w i th  
a f a i r ly   h igh   ga in   w i th   agg res s ive - type   i npu t s .   Fo r   l a rge r  time 
de lays ,  I r e l a x e d  my gains   and  accepted a l a r g e r  error. Whenever t h e  
cross h a i r s   g o t   o u t s i d e   o f   t h e  t a i l  pipe I would t r y  to correct them 
back.  This was my limit - I re l axed  it to t h i s   p o i n t ,  b u t  no   fu r the r .  

(16)  For t h i s  t a s k  d i d   t a r g e t  aspect c u e s  i n f luence   your   con t ro l   i npu t s?  

Sub jec t  A: N o  a s p e c t  cues were used. Scheme is to place t h e  cross 
h a i r s  on t h e   t a r g e t  and k i l l  d r i f t .  Aspect cues are tough to g e t .  
The t a r g e t  is no t   de f ined  by enough TV l i n e s  to  d i s t i n g u i s h  aspect 
very well. Better p i c t u r e   r e s o l u t i o n  would be a h e l p   i n   k i l l i n g  
d r i f t .  

Sub jec t  B: I r e a l l y   d o n ' t   t h i n k  so. 

- Sub jec t  C: I t h i n k  it affects   the  problem  of   determining  heading 
when you ' ro   r i gh t   beh ind   t he   t a rge t .  I t  c e r t a i n l y   a f f e c t s   t h e  
i n i t i a l   s l i d e   o v e r  to  g e t   i n   p o s i t i o n .   I n   f l y i n g  a d i f f e r e n t  simu- 
lator tha t   used  a three-d imens iona l   t a rge t  model, I had an easier 
time o f   s l i d ing   ove r   and   ge t t i ng   beh ind   t he   t a rge t   t han  I d id  here .  
Thus, t a r g e t  aspect cues may be a f a c t o r .  

Sub jec t  D: No .  The task I was a c t u a l l y   t r y i n g  t o  do was p u t  t h e  
cross h a i r s  on t h e  t a i l  pipe. The aspect wouldn't  have  influenced 
me. I r e a l l y   d i d n ' t  t reat  t h i s  as a t o t a l  formation t a s k .  

(17)  Was mot ion   he lp fu l   i n   pe r fo rming   t he   t r ack ing   t a sk?   I f   yes ,   i n   wha t  
way? 

Sub jec t  B: It  was h e l p f u l   i n   t h a t  it provided realism. For  example, 
I no t i ced  some of   the  body s ide- force   hand-cont ro l le r   coupl ing  pre- 
v ious ly   r epor t ed  on t h e  orbiter. 

Sub jec t  C: I ' m  n o t  sure. I cou ld   answer   t h i s   ques t ion  better i f  I 
had some runs  with  the  motion  turned  off .   Unfortunately,  I d i d n ' t  
have  any  fixed-base  runs. 

Sub jec t  D: I don ' t  know. The f a c t   t h a t  I coupled  with  the s t i c k ,  
it may not  have  been  helpful.  The presence  of  motion is c e r t a i n l y  
more real is t ic ,  so I would p robab ly   s ay   yes   i n   t ha t  it seems more 
n a t u r a l .  

(18) Are the re   any   o rb i t e r   mo t ion   cha rac t e r i s t i c s   mi s s ing   i n   t he  simu- 
l a t i o n ?  (a) If yes ,  describe. (b)  I f   y e s ,  would t h e s e   a d d i t i o n a l  cues have 
h e l p e d   i n   t h e   t a r g e t   t r a c k i n g  task? 
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Subject C: I don ' t   th ink   you 've  got t h e  la teral  lu rch .  The orbiter 
has  a peculiar c h a r a c t e r i s t i c  and it is s u r p r i s i n g l y  real ,  as we found 
ou t   on  the f irst  f l i g h t .  The orbiter c o c k p i t  is p h y s i c a l l y  located 
above  the roll ax i s .  A l s o ,  t h e  orbiter has  a f a i r l y   s n a p p y  rol l  
response.  When a q u i c k  rol l  i n p u t  is made, t h e  cockpi t  moves sideways 
and jerks you  sideways  on  the seat. There is a l i t t l e  o f   t h a t   h e r e ,  
but   you ' re   not   banged  around as i n   t h e  real  veh ic l e .   Wi th   t h i s   cha r -  
acter istic mis s ing ,   t r ack ing   r e su l t s   shou ld  show an  improvement. 

Subject D: It  seemed that  the   l u rch   due  to  rol l  w a s n ' t   q u i t e  as pro- 
nounced as in   o the r   s imu la t ions   I ' ve   f l own .   Th i s  is a very  real 
e f f e c t  and it is someth ing   tha t  was commented on by t h e  crews from 
t h e   v e r y   f i r s t   f l i g h t .  If t h e   l u r c h  had  been more p ronounced   i n   t h i s  
s imula to r ,   t hen   t he   t r ack ing  t a s k  would  have  been more d i f f i c u l t .  

(19) Was t h e   v i s u a l  f ield of view adequa te   fo r   t he  task simulated? 

All sub jec t s :  Yes. 

(20) Was the   r e t i c l e -ho r i zon- t a rge t   d i sp l ay  adequate f o r  a P I 0  study? 

Subject B: Yes 

Subject C: I had a hard time long i tud ina l ly   i n t e rp re t ing   t he   ho r i zon  
cue. It  d i d n ' t  jump out   and   grab  m e  as being  obvious  what was happen- 
ing. I d o n ' t  know i f  i t 's  moving l i k e  a real  horizon  would, or what; 
b u t ,  somehow the hor izon  was the re   and  it was a lways   s l i gh t ly   con fus -  
ing  as to what I was r e a l l y   d o i n g .  

Subject D: Adequate with  one comment. I would recommend f l y i n g   t h e  
s i m  i n t o  a closer d i s t a n c e  to t h e   t a r g e t .  I b e l i e v e  the  r e s u l t s  
would better correlate w i t h  the orbi ter  landing t a s k .  The closer you 
g e t  to t h e  target t h e  same ve r t i ca l   d i sp l acemen t   sub tends  a l a r g e r  
error angle .  The p i lo t  w i l l  s t a y   s e n s i t i v e  t o  about  t he  same s i z e  
angle  error. Thus,   the p i lo t  w i l l  tend to  be d r iven  toward an 
u n s t a b l e   s i t u a t i o n .   I n  many of  the runs  I made, I was s t a r t i n g  to 
g e t   i n t o  a d i v e r g e n t   o s c i l l a t i o n  j u s t  as t h e   r u n  ended. Also, f a r  
o u t   t h e  t a s k  is more l i k e  an   angle   po in t ing  problem, and as you g e t  
closer i n  it becomes more of a p o s i t i o n i n g  problem. The p o s i t i o n i n g  
problem is t h e   o n e  I see i n  t h e  orbi ter .  When you g e t  close t o  t h e  
ground  you ' re   t ry ing  to  c o n t r o l  a t t i t ude ,  b u t   t h e   t h i n g   y o u ' r e   r e a l l y  
a f t e r  is p o s i t i o n i n g  the a l t i t u d e  and   t ry ing  to get t h e  proper rate 
of descent .  

(21) How do the l i m i t a t i o n s   o f   t h e   s i m u l a t o r   a f f e c t  t h e  primary t a s k ?  

Subject  A: Resolu t ion  of target image is poor - it detracts from 
o n e ' s   a b i l i t y  to perform t h e  maneuver. I n   p a r t i c u l a r ,   h o r i z o n t a l  
t r a n s l a t i o n   c o n t r o l  would be improved  with better r e s o l u t i o n .  
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Sub jec t  B: The bulk  of   the box c o n t a i n i n g   t h e  hand c o n t r o l l e r  pre- 
vented  one  from  gett ing a comfor t ab le   pos i t i on  to u s e  the  hand  con- 
troller.  I would  have p r e f e r r e d  to have  been  seated a l i t t l e r  higher  
r e l a t i v e  to t h e  hand c o n t r o l l e r ;   b u t   b e c a u s e   o f   t h e   i n t e r f e r e n c e   o f  
t h e  box with my knee, I had to accept t h e  ver t ical  position o f   t he  
seat. Thus, my mechanica l   t ransfer  to t h e   s i d e  s t i c k  may have  been 
a f f e c t e d   s l i g h t l y .  

Sub jec t  C: Mentioned some i n  comments to o the r   ques t ions .  

Sub jec t  D: Mentioned some i n  comments to o the r   ques t ions .  

(22) Comment on t h e  workload with  and  without   the side t a s k .  

Sub jec t  A: When adding  the side t a s k ,  u p  t h e  pi lot  r a t i n g  by 2 u n i t s .  

Sub jec t  B: Adding t h e   s i d e  t a s k  increased  the  workload by a Cooper- 
Harper r a t i n g   o f  1 f o r   e a c h   c o n d i t i o n  across the  board.  I t h i n k   t h e  
side t a s k  d e f i n i t e l y   i n d i c a t e d  when t h e  workloads were high. The 
f i r s t  ind ica t ion   of   degrada t ion   in   the   cont ro l   sys tem or an   increase  
i n  p i lo t  compensat ion  in   the  pr imary t a s k  was by degrada t ion   in  side- 
task performance. 

S u b j e c t s  C and D: D idn’ t  use t h e   s i d e  t a s k .  

The fol lowing  quest ions  for   mismatched  delays were inc luded   i n   t he  ques -  
t i o n n a i r e   g i v e n  subjec t  B s ince   he  was the   on ly  sub jec t  to experience  these  con- 
d i t i ons .   (Fo r  ro l l ,  T~ = 4 u n i t s   ( h e l d   c o n s t a n t ) ;   f o r   p i t c h ,  ‘ I ~  v a r i e d  (4, 
8, 12,  16, and 20 u n i t s ) ;  and  the audio s i d e  t a s k  was i n  use . )  

(23) Do PI0 tendencies  occur a t  t h e  same or l a r g e r   v a l u e s  of de lay  when 
compared with equal de l ays   i n   bo th   con t ro l   channe l s?  

Subject  E :  Holding   ro l l -channel   de lay   cons tan t  a t  4 uni t s   a l lowed 
one to go to h ighe r   va lues   i n   p i t ch   de l ay  by a t  l eas t  4 u n i t s   t h a n  
if matching  delays were used.  For  example, 8 u n i t s  is where I f e l t  
q u a l i t a t i v e l y   t h a t   t h e   b r e a k  was f o r   p i t c h   a n d  ro l l  delays  matched. 
With a mismatch, somewhere around 1 2  u n i t s   o f   d e l a y   i n   p i t c h  is where 
t h i n g s  started to g e t   p r e t t y  bad. 

(24)  DO PI0 t e n d e n c i e s   o c c u r   o n l y   i n   p i t c h  as time de lay  ‘ I ~  increased? 

S u b i e c t g :   I n c r e a s i n g   t h e  workload in   p i t ch   does   deg rade  your a b i l -  
i t y  t o  f l y   t h e  l a t e ra l  a x i s  and I n o t i c e d  some tendency to over- 
c o n t r o l   i n  rol l  as a resul t  of  having to work  h a r d   i n   t h e   p i t c h   a x i s .  
However, P I 0  t endenc ie s   occu r red   on ly   i n   p i t ch  as time de lay  rp was 
increased.  

(25) Give a Cooper-Harper r a t i n g   f o r   t h e   f o l l o w i n g   c o n d i t i o n s :  
(a) T~ = 4 ,  T~ = 4; (b)  -rr = 4 ,  ‘rp = 8; and (c) ‘ I ~  = 4 ,  ‘ I ~  = 16. 
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T y = 4  T y - 4  T y = 4  
Uni t s  of time de lay  . . . 

{ t p = 4  T p = 8  Tp  = 1 6  

P i l o t   r a t i n g  . . . . . . . 4 5 8 

Sub jec t  B commented t h a t  a r a t i n g  of 8 i n d i c a t e s   t h a t  some ques t ion  of con- 
t r o l l a b i l i t y   e x i s t s  for t h i s   c o n d i t i o n .  
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WORKLOAD ESTABLISHMENT 

Two tasks,  the  visual  tracking  task  and  the  audio  side  task,  are  combined 
so that  in  performing  the  total  task  the  subject  is  working at  his  full  capac- 
ity. This  situation  must  be  established  for  the  zero  time-delay  condition. 
This  assures  that  the  subject  has  no  reserve  capability  on  which  to  draw  when 
the  additional  time  delays  are  inserted.  In  this  study  the  zero  time-delay  con- 
dition  is  when  the  simulator  is  in  its  normal  operating  mode  with  no  time  delay 
inserted  in  the  hand-controller  pitch-  and  roll-control  input  signals.  Addi- 
tional  delays  are  then  inserted  into  the  control  system.  If  the  presence of 
these  additional  delays  does  not  impact  the  combined  task,  then  pilot  perfor- 
mances  should  not  change.  If,  however,  the  presence of these  additional  delays 
increases  the  task  difficulty,  a  degradation  in  performance  will  occur.  A  sta- 
tistical  analysis  establishes  at  what  particular  value of delay  this  degradation 
in  performance  is  statistically  significant. 

For successful  application  of  the  side-task  technique,  it  is  required  that 
the  subject  in  performing  both  tasks  be  fully  occupied at the  zero  time-delay 
condition.  Some  effort,  therefore,  must  be  made  in  selecting  the  proper  level 
of  difficulty  of  the  side  task.  Audio-task  difficulty  is  adjusted  by  changing 
the  time  constant of the  first-order  unstable  system. A number  of  runs  were 
made  with  each  subject,  from  which  a  proper  value of instability X was 
selected.  A  complete  discussion of this  process  is  given  in  reference 3 and 
is  omitted  here. The  final  instability  values  selected  for  use  with  the  three 
subjects  were  as  follows: 

r - I  Audio-task 
instability  setting 

X, sec-1 X, sec-1 

E I 2.0 

The instability  value  used  for  subject E was  the  same  as  that  used  in  the 
studies  of  references 3 and 4 .  The  larger  value of X was  required  for  this 
subject  because of hie  familiarity  with  the  audio  side  task. 

Three  sets  of  data  are  required  to  show  that  a  subject  is  operating  at  his 
full  capacity.  These  are  side-task-only,  primary-task-only,  and  combined-task 
results.  The  combined-task  and  primary-task-only  data  were  obtained  with  the 
motion  base  active.  The  side-task-only  results,  however,  were  obtained  under 
fixed-base  conditions.  Comparison of the  data  for  the  combined  task  with  both 
the  primary-task-only  and  the  side-task-only  results  is  used  to  show  that  the 
subject  is  operating  at  his  full  capacity.  These  comparisons  are  given  in 
tables  VIII, IX, and  X  for  subjects A, B, and E, respectively.  A  statistical 
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test  (student's  t-test)  for  the  comparison of two  sample  means  was  performed 
for  each of the  parameters  listed. A student's  t-value was  computed,  and  sig- 
nificance  at  either  the 5- or  1-percent  level  was  noted. 

The  results  given  for  subject A in  table  VI11  were  limited  only  to  the  full 
60-sec  run.  Modification  to  the  program  software  to  obtain  two  segments of the 
run  was  undertaken  after  completion of subject A ' s  test  program.  The  results 
show  that  the  significant  effects  are  principally  with  the  side-task  variables. 
This  is  also  the  situation  with  subject E. (See  table X.) For  these  two  sub- 
jects  apparently  there  is  no  difference  in  primary-task  variables  with  and  with- 
out  the  side  task.  Thus,  in  effect,  both  subjects  accept  the  visual  tracking 
task as the  primary  task. In addition,  subject E ' s  gain  in  operating  the  side 
task  remains  nearly  the  same  and  indicates  that  the  subject  is  attacking  the 
side  task  in  the  same  manner  for  the  combined  task as he  did  for  the  side-task- 
only  tests. A degradation  occurs  in B and 6, for  the  side  task  when  the 
primary  task  is  added,  and  this  shows  that  both  subjects A and E are  fully 
occupied.  If  either  subject  were  not  fully  occupied,  his  performance  on  the 
side  task  would  be  more  nearly  like  that of the  side  task  alone. A l s o ,  any 
difference  that  might  occur  would  not  be  statistically  significant.  what  is 
shown,  therefore,  is  what  would  occur  with  a  pilot  fully  occupied  and  with 
insufficient  time  to  address  the  side  task  adequately. 

- 

The  results  for  subject B in  table  IX  show  statistically  significant  com- 
parisons  for  most of the  primary-task  variables as well as the  side-task  vari- 
ables.  For  the  primary  task,  some  degraded  tracking-error  scores  along  with 
reduced  control  inputs  were  recorded  when  the  side  task  was  added.  Likewise, 
the  side-task  parameters i5 and 6, increased  showing  poorer  side-task  per- 
formance  with  an  attendant  reduction  in  pilot  gain  for  the  combined  task.  Thus, 
for'the combined  task  it  appears  that  subject B was  operating  at  his  full  capac- 
ity. The  results  show  that  subject B accepted  the  combined  task as a  total  task 
rather  than  dividing  his  performance on the  basis  of  the  primary  task  and  a  side 
task.  This  is  not  an  uncommon  approach  since  the  audio  side  task  demands  con- 
stant  attention  for  acceptable  performance. 

- 

The  comparisons  on  tables  VIII,  IX,  and  X  show  that  for  the  combined  task 
all three  subjects  were  operating  at  their  full  capacity  at  the  zero  time-delay 
condition.  This  establishes  the  basis  against  which  degradations  can  be  judged 
due  to  the  addition  of  time  delays  in  the  control  system. 
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ANALYSIS OF TRACKING PERFORMANCE 

USING ONE-WAY ANOV 

A l l  t r ack ing   runs   i n   t h i s   s tudy  were of   60-sec  durat ion.   During  the  run 
t h e   t a r g e t  was d r i v e n   i n   a l t i t u d e  by a cos ine  wave of   very low frequency  through 
one-half   cycle   of   motion.   In   addi t ion,   range to  t h e   t a r g e t  was v a r i e d   l i n e a r l y  
with time from 182.88 m (600 f t )  a t  t h e   i n i t i a t i o n   o f   t h e   r u n  t o  91.44 m 
(300 f t )  a t  the  terminat ion  of   the  run.  Because t racking  performance may vary 
during  the  run  due to t h e s e  two factors, the  data  have  been  examined  during  the 
f i r s t  half   and  the l as t  ha l f   o f   the   run ,  as well as for t h e  total  run. 

A one-way a n a l y s i s   o f   v a r i a n c e  (ANOV) f o r  time de lay  was performed  on  each 
of the  measured  var iables   for   which  an rms va lue  was computed. S i g n i f i c a n c e  was 
t h e n   e s t a b l i s h e d  a t  khe 5-percent   l eve l .  Summary tables, one   for   each   subjec t ,  
deno t ing   s ign i f i cance   on ly  are given as  tables X I  to  XV. These t ab le s   p rov ide  
a condensed  vers ion  of   the  numerical  results.  From an  examination of these  
t ab le s   t he   fo l lowing   obse rva t ions   can  be made: 

(1 )  The effect of time de lay  was i n s i g n i f i c a n t  on & v  ( v e r t i c a l   d i s p l a c e -  
- 

merit between t a r g e t   a n d   o r b i t e r )  for t h e   d i f f e r e n t  time segments  of  the  runs 
for t h e   d i f f e r e n t   s u b j e c t s .  (Note t h e   s i n g l e   e x c e p t i o n   f o r  subjec t  B f o r   t h e  
f i r s t  30-sec  segment.) 

(2) The e f f e c t   o f  time de lay  was found to be s i g n i f i c a n t  on e l e v a t i o n   l i n e -  
o f - s igh t   ang le  fi f o r   t h e  t o t a l  60-sec  run  for a l l  sub jec t s .   (Fo r   sub jec t  E 
t h e   e f f e c t  was s i g n i f i c a n t   o n l y   d u r i n g   t h e  l a s t  half   of   the   run;   and  for   sub-  
ject D, on ly   du r ing   t he   f i r s t   ha l f   o f   t he   run .   Fo r  subjects B and C t h e  effect 
was s i g n i f i c a n t   f o r  a l l  run  segments.) 

( 3 )  Lateral displacements  zh and  azimuth  l ine-of-s ight   angles  6 for 
- 

t h e   f i r s t  30 sec of  run time ( p r i m a r i l y   t a r g e t   a c q u i s i t i o n )  show i n s i g n i f i c a n t  
e f f e c t s   o f  time delay.  

( 4 )  With  one  exception (4 for s u b j e c t  E) t h e   d a t a   f o r  l a te ra l  d i sp lace -  
ments   and  azimuth  l ine-of-s ight   angles   for   the l a s t  30 sec of  run time show t h a t  
t h e  effect of time de lay  is s i g n i f i c a n t   f o r   t h e   f o u r   s u b j e c t s   f o r  which d a t a  
were a v a i l a b l e .  

(5) The e f f e c t   o f  time de lay  is s i g n i f i c a n t   o n  some of   the  pi tch-   and roll- 
cont ro l   input   da ta   for - t racking   fo l lowing   ta rge t   acquis i t ion   ( second  30-sec  
i n t e r v a l  resul ts  f o r  6, and t o t a l  60-sec r e su l t s  f o r  Z e ) .  The resu l t s  f o r  
a g iven   con t ro l ,  however, a r e   n o t   c o n s i s t e n t   a c r o s s   s u b j e c t s .  With the  excep- 
t i o n   o f   t h e  results f o r  subject E ( s imula t ion   engineer )   wi th   no   s ide  t a s k ,  data 
f o r  a t  least  one   cont ro l  showed a s ign i f i can t   t ime-de lay   e f f ec t   fo r   each   d i f -  
f e r e n t  test combination  examined. 

Of t he   va r ious  results t h a t  have  been  itemized, most appear as  expected. 
For   example ,   the   fac t   tha t  l a t e ra l  t a r g e t   a c q u i s i t i o n  (item ( 3 ) )  shows  no 
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effect of  time delay seems reasonable  since  there were  no constraints on achiev- 
ing i n i t i a l  alinement.  Items ( 2 ) ,  ( 4 1 ,  and ( 5 )  likewise  are  as expected since 
similar  results were obtained i n  previous studies. Only item ( 1 )  is of parti- 
cular concern since it differs  from the results of references 1 to 4 that ind i -  
cate a significant time-delay effect on ev. From  an analysis of the  task  plus 
some additional runs performed after the completion of t h i s  t es t  program, the 
following two task  differences were believed  responsible  for  the  results: 

- 

(a) Only one-half cycle of target motion was employed herein  as compared 
to   a t   l eas t  4 cycles of motion i n  the  references. 

(b) Range decreased between target and orbiter during  the run for  the 
t e s t  herein, whereas the range remained constant a t  182.88 m (600 f t )  i n  the 
references. 
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TABLE I.-.PARAMETER VALUES AND PHYSICAL  CHARACTERISTICS 

USED  IN  SIMULATION 

. " ." ." 

Longitudinal  aerodynamic  characteristics 
.~ 

Pitch 
". ~" 

%,o = 0 

Cma = -0.0253 

% = -16*4431 

'mae = 0.2922 
- ~ . ~ -~ ~ ". 

Lateral  aerodynamic  characteristics 

Roll Yaw 
~~ 

CzB = 0.1518 

Cnr = -1.3931 Czr = 0.1070 

CnB = 0.8309 

czP = -0*3422 

'16a 

c"P = 0-271 
= 0.0265 'n6a = 0.0004 

Side force 
" . 

CyB = -4.8484 

cyP = 0.1323 

'Y6a = -0.0292 
~" " 

Physical  characteristics 
~- 

Ix = 1 169  237.058  kg-m2 (862 385  slug-ft2) 

Iy = 8 729  397.232  kg-m2 (6 438  473  slug-ft2) 

Iz = 8 991  771.053  kg-m2 (6 631 990  slug-ft2) 

Ixz = -218  614.797  kg-m2  (-161  242  slug-ft2) 

W = 81 7  761.061  7  N  (1  83 840  lb) 

S = 249.9092 m2 (2690  ft2) 

b = 23.7917  m  (78.0567 ft) 

c = 12.0602  m  (39.5675 ft) 
- 

-~ "" " ~ . . ." - ~. " 

40 



TABLE 11.- TWO-WAY  ANALYSIS OF VARIANCE FOR TIME 

DELAYS AND SUBJECTS  WITH NO SIDE TASK 

(a)  rms  elevation  angle 

Experimental  factor 

Degrees  of  freedom . . .  
Fcrit-cal . . . . . . .  
F . . . . . . . . . . .  

Experimental  factor 

Experimental  factor 

Degrees  of  freedom . . .  
Fcritical . . . 
F . . . . . . . . . . .  

Time  delay  Subject I Delay/subject 
interaction Error 

4 
2.44 

a22. 31 

4 
2.44 

a10.38 

16 
1.72 
a2. 50 

125 
"- 
-" 

(b)  rms  azimuth  angle 

Time  delay 

4 
2.46 

a18.06 

Subject 
~ 

3 
2.70 
0.89 

- - 

(c) rms  pitch-control  inputs 

- 
Delay/subject 
interaction 

1 2  
1.85 
1 .18 

. ~. . . . .  

Time  delay 
" .  " 

4 
2.44 
a9. 87 

Error 

100 "_ "_ 

Subject Delay/subject 
interaction I Error 1 

4 
2.44 1.72 
a5.78 1- 0.76 "- 

(d)  rms  roll  control  inputs 
. . .  

I " I 
" 

Experimental  factor  Time  delay  Subject 

Degrees  of  freedom . . .  
)?critical - . . 4 4 

a28. 92 a30. 55 F . . . . . e . . . . .  

2.44 2.44 

" . ~~~ 

Delay/subject 
interaction Error 

1 6  

"- a2.87 
"- 1.72 
125 

astatistical  significance  at  the  5-percent  level. 
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TABLE 111.- MEANS, STANDARD  DEVIATIONS,  AND  t  STATISTICS  FOR 

rms DATA  OBTAINED  AT  VARIOUS  TIME DELAYS WITH NO SIDE  TASK 

[Azimuth-angle results for last 30  sec of run] 

I 
(a) Subject  A 

1- 
Parameter 

?-I x 102: 
0.753 

"""_ """_ 
. . . .  Control 

0.854 
0.108 . .  Control 

2.407 
0.492 

Control 

Parameter 

ll x 102: 
Mean . . . 
s . . . . .  
t . . . . .  

6, x 102: 
Mean . . . 
s . . . . .  
t . . . . .  

6, x 102: 
Mean . . . 
s..... 
t . . . . .  

L 

Added time delay, m e c  

1 25 

0.737 
0.189 
0.102 

~ 

""_ 
""- ""_ 

1.1 77 
0.425 
0.615 

3.704 
1.346 
1.098 

250 

0.968 
0.247 
1.454 

""" 

""" 

""" 

1.662 
0.932 
1.540 

5.562 
2.353 

a2. 672 

375 

1.093 
0.213 

a2. 296 

""" 

""" 

""" 

1.985 
1.035 

a2. 156 

6.540 
2.493 

a3.  501 

(b) Subject  B 

Added time delay, msec 

L~ ~ 

0.351 
0.093 

Control 

0.359 
0.096 

Control 

0.889 
0.150 

Control 

4.398 
0.842 

Control 

125 

0.420 
0.142 
0.529 

0.394 
0.169 
0.160 

1.121 
0.250 
0.558 

5.081 
0.998 
3.771 

250 

0.558 
0.181 
1.575 

0.702 
0.307 
1 .683 

1.497 
0.699 
1 -464 

7.270 
1.557 
a3. 246 

375 

0.891 
Q .a26 

a4.101 

1.468 
0.722 

a5.191 

2.167 
0.966 

a3. 076 

9.892 
1.003 

a6.210 I 

r 

~~ 

500 

1.336 
0.366 

a3. 930 

""" 

""" 

""" 

1 .E99 
1.41 5 

a2. 224 

6.480 
2.667 

a3.449 

500 

1.057 
0.304 

a5.363 

0.949 
0.174 

a2. 762 

1 .E73 
1.037 

a2. 369 

11.529 
2.569 

a8.  061 

I 
I 

I 

!- 
astatistical  significance at the 5-percent level. 
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TABLE 111.- Continued 

(c)  Subject  C 

Parameter 

ll x 102: 
Mean . . . 
s . . . . .  
t . . . . .  

5 x 102: 
Mean . . . 
s . . . . .  
t . . . . .  

6, x 102: 
Mean . . . 
s . . . . .  
t . . . . .  

6, x 102: 
Mean . . . 
s . . . . .  
t . . . . .  

Parameter 

rl x 102: 
Mean . . . 
s . . . . .  
t . . . . .  

5 x 102: 
Mean . . . 
s . . . . .  
t . . . . .  

6, x 102: 
Mean . . . 
s . . . . .  
t . . .  . .  

ga x 102: 
Mean . . . 
s . . . . .  
t . . . . .  

0 

0.385 
0.108 

Control 

0.563 
0.566 

Con tr ol 

1.1 29 
0.209 

Control 

4.803 
0.443 

Con tr ol 

0 

0.465 
0.091 

Control 

0.459 
0.055 

Control 

0.686 
0.039 

Control 

5.512 
0.783 

Control 

Added time delay, msec 

125 

0.488 
0.177 
0.530 

0.629 
0.170 
0.255 

1.126 
0.270 
0.303 

7.666 
0.852 
1.643 

250 

0.634 
0.242 
1.276 

0.685 
0.132 
0.473 

~~ 

1 -704 
0.628 
2.010 

9.637 
3.986 

a2. 774 

375 

0.976 
0.432 

a3. 028 

1.220 
0.383 

a2. 553 

1.994 
0.806 

a3.023 

11.486 
3.539 

d3.835 

(d)  Subject D 

Added time delay, msec 

125 

0.658 
0.187 
1.707 

0.569 
0.259 
0.502 

0.932 
0.113 

a2. 769 

6.833 
0.951 
1 .869 

~ 

250 

0.644 
0.109 
1.581 

0.674 
0.234 
0.480 

0.956 
0.148 

a3. 035 

7.245 
1.023 
2.452 a 

375 

0.749 
0.235 

a2.516 

1.41 1 
0.677 

a4.335 

1 .lo1 
0.244 

a4. 670 

7.859 
0.700 

a3.  321 

500 

1.248 
0.532 

a4. 425 

1.647 
0.881 

a4.215 

1.771 
0.269 

a2. 246 

13.108 
4.028 
a4. 765 

1 
500 

0.882 
0.285 

a3.  691 

1.024 
0.375 

a2.572 

1.033 
0.054 

a3. 903 

7.912 
1.786 

a3. 396 

astatistical  significance at the 5-percent level. 
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TABLE I11 .- Concluded 

Parameter 

P 

ll x 102: 
Mean . . . 
t . . . . .  
s . . . . .  

5 x 102: 
Mean . . . 
s . . . . .  
t . . . . .  

6, x 102: 
Mean . . . 
t . . . . .  
s . . . . .  

6, x 102: 
Mean . . . 
s . . . . .  
t . . . . .  

I I 
I I 

(e)  Subject E 
" 

Added time delay, msec 

0 125 250 
- 

0.513 
0.082 

0.556 

0.741  0.020 Control 
0.418  0.237 0.189 
0.752 0.550 

"" 

1.293 

0.847  0.078 Control 
0.193 0.251 0.140 
1.411  1.304 

- 

4.649 

1 .178 0.044 Control 
0.576  0.930 0.415 
5.273  4.626 

1~ - 

~ " 

375 
-" .- 

0.644 
0.09; 
1.42C _-  " 

1.032 

1.802 
0.738 

1.471 
0.245 
1 .277 

5.118 
1.493 
0.887 

~- 

500 

0 780 
0.219 

a2. 906 
- . .  

1.115 

a2.113 
0 - 489 

1 * 668 
0.329 

a2. 697 

5-969 
0 - 778 

a2. 495 
- 

astatistical  significance at the 5-percent level. 
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TABLE XV.- DUNCAN  MULTIPLE-RANGE TESTS FOR SUBJECT EPFECTS WITU 1yo SIDE TASK 

5z I 
I 

I 

de lay, 
msec , 

rms elevation  angle nus pitch-control  inputs  rms  roll-control  inputs 

I 
d.0.f. ' 25 25  25 

L.S.R. 0.2142,  0.2253,  0.2319,  0.2371  0.2425,  0.2551,  0.2626,  0.2634  0.7171,  0.7540,  0.7761,  0.7933 
~~ 

r = o  Difference (A - E )  = a0.2392, (E - D) = 0.0486 (E - C) = 0.1638, (C - B) = 0.2401 (D - C) = 0.7091, (c - E) = 0.1544 

subject,s (A - D) = a0.2878, (E - C) = 0.1284 (E - B) = "0.4039, (c - A) = aO.2757 (D - E) = "0.8635, (c - B) = 0.4050 
(D - C) = 0.0798, (C - B) = 0.0344 (B - A) = 0.0356, (A - D) = 0.1675 (E - B) = 0.2506, (9 - A) a1.9914 in 

means (D - B) = 0.1142, (A - c )  = "0.3676 (B - D) = 0.2031, (E - A) = a0.4395 (E - A) = a2.2420, (D - B) '11.1141 
(E - B) = 0.1682, ( A  - B) = a0.4020 (C - D) = a0.2757, (E - D) = a0.6020 (c - A) = a2.3964, (D - A) = a3.1055 

d.0.f. 25 25 25 

L.S.R.  0.1963,  0.2063,  0.2124,  0.2171  0.4254,  0.4473,  0.4604,  0.4706  1.2066,  1.2685,  1.3057,  1.3346 

T = 125 (A - D) = 0.0796, (D - E) = 0.1076 ( E  - A) = 0.1274, (A - C) = 0.0505 (C - 0) = 0.8333, (D - 9) = '1.7524 
Difference (E - C) = 0.0619, (C - 9) = 0.0682 (C - B) = 0.0050, (B - D) = 0.1887 (9 - E) = 0.4548, (E - A) = 0.9222 
subject,s (A - E) = 0.1872, (D - C) = 0.1695 (E - C) = 0.1739, (A - B) = 0.0555 (C - B) = '2.5857, (D - E) '2.2072 

(E - B) = 0.1301, (A - C) = a0.2491 (C - D) = 0.1937, (E - 8) = 0.1829 (9 - A) = "1.3770. (C - E) = a3.0405 
(D - B) = a0.2377, (A - B) = a0.3173 (A - D) = 0.2442, (E - D) 0.3716 (D - A) = a3.1294r (C - A) = '5.0806 

in 

means 

d . 0 . f .  25 25 25 

L.S.R.  0.2463,  0.2588,  0.2664,  0.2723 0.8733,  0.9182,  0.9452,  0.9661 2.6663,  2.8032,  2.8854,  2.9493 

~ _____ ~~ 

T = 250 Difference (A - D) = a0.3247, (D - C) = 0.0097 
(C - E) = 0.0296, ( E  - 9) = 0.0463 

(C - B) = 2.3669, (9 - D) 0.0257 
(D - A) = 1.6826, (A - E) = 0.2894 
(C - D) = 2.3926, (B - A) = 1.7083 

the  5-percent  level  (D - E) = 1.9720, (C - A) = a4.0752 
(9 - E) = 1.9977. (C - E) = a4.3646 

in 

means 
subject,s (A - B) = a0.4103, ( A  - C) = a0.3344 

No comparisons 
significant  at 

(D - E) = 0.0393, (C - B) = 0.0759 
(A - E) = '0.3640, (D - B) = 0.0856 

d.0.f. 25 25 25 

L.S.R. 0.3381,  0.3555,  0.3659,  0.3740  1.1503,  1.2093,  1.2447,  1.2723  2.5216,  2.6509,  2.7287,  2.7891 
~~~ ~ _ _ _ _ _  ~ 

T E 375 Difference (A - C) = 0.1175, (C - B) = 0.0851 (C - B) = 1.5941, (9 - D) 2.0331 
(B - D) = 0.1413, (D - E) = 0.1055 No comparisons  (D - A) 1.3183, ( A  - E) 1.4221 
(A - B) = 0.2026, (C - D) = 0.2264 significant  at (C - D) = a3.6272, (B - A) = a3.3514 
(B - E) = 0.2468, (A - D) = 0.3439 
(C - E) = 0.3319, (A - E) = aO.4494 

in 

means the  5-percent  level  (D - E) = "2.7040, (C - A) a4.9455 
(B - E) a '4.7755. (C - E)= a6.3676 

d.0.f. 25 

11 L.S.R. 0.4259,  0.4479,  0.4610,  0.4713 

T = 500 

(B - E) = 0.2764, (A - D) = 0.4536 means 
(A - B) = 0.2789, (C - D) = 0.3661 

subject,s 

(B - D) = 0.1747, (D - E) = 0.1017 
(A - C) = 0.0875, (C - B) = 0.1914 Difference 

in 

(C - E) = a0.4678. ( A  - E) = aO.5553 

25 25 

1.0184,  1.0708,  1.1022,  1.1266 3.0670,  3.2244,  3.3189,  3.3925 

No comparisons 
significant  at 

the  5-percent  level 

(C - B) = 1.5790, (9 - D) = a3.6177 
(D - A) 1.4318, (A - E) = 0.5105 
(c - D) = a5.1967, (9 - A) "5.0495 
(D - E) = 1.9423, (C - A) = 6.6285 
(B - E) = a5.5600, (C - E) = a7.1390 

astatistical  significance  at  the  5-percent  level. 



TABLE V.- -WAY ANALYSIS OF  VARIANCE FOR TIME 

DELAYS AND SUBJECTS  WITH  SIDE TASK 

(a) rms  elevation  angle 

I Experimental  factor 
I 

Time  delay 

4 
2.49 

a27.  73 

Delay/subject 
interaction 
-I 

2 
3.12 

a34.  96 

8 
2.06 

a4.  27 

Error _Ijl 
(b) rms  azimuth  angle 

Time  delay 

4 
2.56 

a14.63 

Subject 

1 
4.03 
0.46 

Delay/subject 
interaction 

(c)  rms  pitch-control  inputs 

I I I I I Experimental  factor I Time  delay I Subject I 
I I 
I 

2 
3.12 I 

a13.03 
- .. 

astatistical  significance  at  the  5-percent  level. 
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Error 

50 "- 
"- 

" 

Delay/subject 
interaction 

8 
2.06 
a3.  24 

Error 
.. 

75 
"- 
"- 

.......... ". - 



TABLE V.- Concluded 

(d)  rms  roll-control  inputs 

Time  delay 

4 
2.49 

a29.  59 _" ~ 

Subject 

2 
3.12 
1.19 

." ~- 

(e)  rms  tone  error 

Experimental  factor I Time  delay 

I 

". ~ ~~ _" 
Delay/sub  ject 
interaction 

---_____ . 

8 
2.06 
a6.44 

Subject I Delay/subject 1 Error I 
interaction 

I _ _ ~  +- I I 

. -~ . - ". 

Experimental  factor 
~ " . - 

Degrees  of  freedom . . .  
Fcritical . 
F . . . . . . . . . . .  
L.~ .. 

2 
3.12 

a44. 05 

"" ". .... " - - - .. , . - . " ". . . . . .  

Experimental  factor 1 Time  delay 
____ .... "~ ~- ..... .  ~" .... 

Degrees  of  freedom . . .  1 4  
I 

8 
2.06 
1.31 

75 -" 
"- 

(f)  rms  thumb-wheel  deflection 

Subject Delay/subject 
interaction Error 

I 

I 

i.12 1 2.06 1- 1" 8 

a22. 90 1.08 
. .~ "- 

(9) Pilot  gain, K, 

Time  delay  Subject 

-. .. 

I 
" " 

- . .  .. 

4 

a5.49 
3.12 2.49 
2 

a993. 82 

- . - .. ~ ~ ~ _ _  "" 

Delay/subject 
interaction 

." . ~ 

8 
2.06 
1.31 "- 

" 

astatistical  significance  at  the  5-percent  level. 
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TABLE VI .- MEANS, STANDARD DEVIATIONS, AND t STATISTICS EQR 

rms DATA  OBTAINED  AT  VARIOUS  TIME  DELAYS WITEI SIDE TASK 

[Azimuth-angle  results for last 30 sec of run] 

(a)  Subject A 

I Added time delay,  msec 
Parameter 

0 125 
____ 

ll x 102: 
Mean . . . . .  
s . . . . . . .  0.763 0.763 

0.001 Control t . . . . . . .  0.146 0.158 

5 x 102: 
Mean 
s 
t 

"""_ ""- . . . . .  "_"" -"" . . . . . . .  
"-"" -"" . . . . . . .  

I I 

6, x 102: 
Mean . . . . .  1 0.968 I 1.278 
s . . . . . . .  

0.576 Control t . . . . . . .  0.431 0.154 

6, x 102: 
Mean . . . . .  
s . . . . . . .  

3.155 2.530 

0.464 Control t . . . . . . .  0.61 2 0.604 

~ 

Tone error , B: 
Mean . . . . .  

0.148 s . . . . . . .  0.706 

Control t . . . . . . .  
Thumb-wheel 

deflection, dS: 
Mean . . . . .  
s . . . . . . .  0.732 

Control t . . . . . . .  0.181 

Pilot gain, K,: 
Mean . . . . .  

0.073 s . . . . . . .  1.031 

Control t . . . . . . .  

0.748 
0.199 
0.403 

0.784 
0.241 
0.542 

1.070 
0.140 
0.554 

~ 

250 

0.797 
0.244 
0.153 

""_ 
"-" 
""_ 

1.761 
0.660 
1.473 

4.411 
1.763 
1.397 

0.749 
0.197 
0.413 

0.724 
0.133 
0.090 

0.986 
0.098 
0.642 

~ 

375 500 

1.242 

a5.721 a2.157 
0.763  0.230 
2.034 

""" """ 

""" """ 

""" """ 

2.1 28 

a4.863  a2.157 
1.358 1.360 
3.583 

4.521 
4.178  2.426 
11.187 

a6.430  1.479 

0.836 
0.103 0.229 
1.021 

a3. 022 1 .252 

0.793 
0.119 0.124 
0.830 

1.021 0.630 

0.980 

a3.107  0.732 
0.124 0.155 
0.81 3 

astatistical  significance at the +percent level. 

48 

. . . . . . . . . .  



TABLE VI .. Continued 

(b)  Subject B 

Parameter 

rl x 102: 
Mean . . . . .  
t . . . . . . .  s . . . . . . .  

5 x 102: 
Mean . . . . .  
s . . . . . . .  
t . . . . . . .  

6, x 102: 
Mean . . . . .  
s . . . . . . .  
t . . . . . . .  

6, x 102: 
Mean . . . . .  
s . . . . . . .  
t . . . . . . .  

Tone error. B: 
Mean . . . . .  
s . . . . . . .  
t . . . . . . .  

Thumb-wheel 
deflection. dS: 
Mean . . . . . .  
s . . . . . . .  
t . . . . . . .  

Pilot ........ 
Mean . . . . .  
. . . . . . . .  . . . . . . . .  

0 

0.397 
0.092 

Control 

0.404 
0.11’9 

Control 

0.566 
0.054 

Control 

2.678 
0.581 

Control 

0.474 
0.162 

Control 

0.555 
0.158 

Control 

1.189 
0.089 

Control 

Added time delay. msec 

1 25 

0.482 
0.128 
0.807 

0.570 
0.1  91 
0.868 

0.646 
0.138 
0.355 

3.374 
1.111 
0.777 

0.513 
0.168 
0.367 

0.587 
0.163 
0.358 

1.179 
0.1 32 
0 .. 1 55 

250 

0.657 
0.238 

a2 . 481 

0.788 
0.195 
2.005 

1.056 
0.249 

a2.174 

4.402 
1.559 
1.926 

0.671 
0.236 
1.851 

0.682 
0.194 
1.415 

1.053 
0.143 
1.973 

~ 375 

0.829 
0.208 

a4 . 120 

1.028 
0.422 

a3 . 253 

1.670 
0.436 

a4 . 897 

6.795 
1.589 

a4.597 

0.789 
0.219 

a2 . 953 

0.801 
0.148 

a2 . 733 

1.043 
0.121 

a2.120 

500 

1.01 6 
0.201 

a5 . 896 

1.71 6 
0.534 

a6 . 895 

1.956 
0.699 

a6.164 

9.509 
2.346 

a7 . 627 

0.895 
0.113 

a3.953 

0.878 
0.105 

a3 . 587 

0.987 
0.107 

a2 . 933 
astatistical  significance at the 5-percent level . 
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TABLE VI. - Concluded 

(c)  Subject E 

Added  time  delay,  msec 

0 
- 

0.500 
0.102 

Control 

0.699 
0.144 

Control 
~~~ 

1.300 
0.108 

Control 
- 

4.799 
0.595 

Control 

0.353 
0.088 

Control 
. ~. 

0.844 
0.120 

Control 

2.438 
0.327 

Control 
- .~ 

1 25  

0.453 
0.084 
0.640 

0.668 
0.241 
0.163 

1 . l o 2  
0.136 
2.002 

4.180 
0.760 
1 .320  

0.378 
0.145 
0.424 

0.882 
0.312 
0.324 

2.366 
0.1 36 
0.647 

250 

0.607 
0 .123  
1.461 

1.027 
0.400 
1.700 

1 .334  
0.210 
0.339 

4.669 
0.762 
0.277 

0.480 
0.095 
2.020 

1.081 
0.198 
2.033 

2.607 
0.067 
1.522 

375 

0.590 
0.1 1 9  
1.235 

1 .170  
0.457 

a2.  444 

1.321 
0.180 
0.206 

4.51 1 
0.770 
0.614 

0.406 
0.073 
0.887 

0.991 
0.1 26 
1.258 

2.464 
0.184 
0.239 

500 
- 

0.907 
0.182 

561 

1.237 
0.329 

a2. 794 

1.589 
0.200 

a2.911 

5.334 
1.096 
1.1  39 

0.51 1 
0.104 

a2.  646 

1 .180  
0.191 

a2.  880 

2.326 
0.149 
1.006 

astatistical  significance at the  5-percent level. 
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TABLE VI1.- DUNCAN WLTIPLE-RANGE TESTS FOR SUBJECT  EFFECTS FOR 

SUBJECTS A, B, AND E W I T H  AUDIO SIDE TASK 

Time  delay, 1 rms  elevation  rms  tone rms  thumb-wheel  rms  pilot  gain, i 
msec  angle 1 inputs , error  deflect  ion I K* 

d.0.f. ' 15 15 15 15 

L.S.R. 0.1486,  0.1561 e 0.1678,  0.1763 ' 0.1904,  0.2000 ' 0.2460,  0.2582 

Difference (A - E) = 2630 ~ (E - A) = '0.3320 (A - B) = '0.2322 (E - A) = 0.1 1 1  8 (E - B) = al .2479 

means (A - B) = aO.3660 ; (E - B) "0.7339 (A - E) = a0.3531 (E - B) a0.2892 (E A) a1.4068 

d.0.f.  15  15  15  15 15 

T 1 0  

in  subject's (E - B) = 0.1030 ~ (A - B) = '0.4019 ' (B - E) = 0.1208 (A - B) = 0.1774 (B - A) = 0.1586 

L . S . R .  0.1502,  0.1577 0.3353,  0.3520 0.2115,  0.2221 0.3027,  0.3176 0.1667,  0.1751 

Difference (A - B) = a0.2811 (A - E) = 0.1760 (A - B) = a0.2351 (E - A) = 0.0976 (E - B) = a1.1866 
T 125 ' 

in  subject's (B - E) = 0.0284 1 (E - B) = a0.4557 , (B - E) = 0.1347 (A - B) = 0.1971 (B - A) = 0.1091 
I means ' (A - E) = a0.3095 (A - B) = a0.6317 I (A - E) = a0.3698 (E - B) = 0.2947 (E - A) = a1.2957 

I 

1 d.0.f.  15  15  15  15 A 
L . S . R .  0.2570,  0.2699 ~ 0.5222,  0.5483 , 0.2285,  0.2398  0.2182,  0.2291  0.1315,  0.1381 

Difference (A - B) = 0.1396 (A - E) = 0.4266 (A - B) = 0.0778 (E - A) = a0.3573 (E - B) = a1.5538 

means (A - E) = 0.1901 i (A - B) = a0.7040 (A - E) = %.2692 (E - B) = '0.3985 (E - A) = a1.6210 

d.0.f.  15  15  15 Gr: 0.1639,  0.1719  0.1914,  0.2010 ' I L . S . R .  0.2363,  0.2481 ~ 1.0213,  1.0722  0.2307,  0.2421 

'I = 250 

in  subject's (B - E) = 0.0505 , (E - B) = 0.2774 I (B - E) = 0.1914 (A - B) = 0.0412 (B - A) = 0.0671 

, 
I 

T = 375 I 
Difference (A - B) = a0.4129 ~ (A - B) = 0.4579 (A - B) = 0.0478 1 (E - B) a0.1892 (E - B) a1.4212 
in  subject's (B - E) = a0.2389 ~ (B - E) = 0.3496 

(A - E) = a0.4307 1 (E - A) = a0.1978 1 (E - A) = a1.4844 1 means 1 (A - E) = a0.6518 1 (A - E) = 0.8075 
(B - E) = '0.3829 (B - A) = 0.0086 (B - A) = 0.0632 

1 I I 
d.0.f. 

0.1569,  0.1646  0.1764,  0.1852 0.1309,  0.1375  1.0927,  1.1471 0.5743,  0.6029 L . S . R .  

15 15 15 15  15 I 

T = 500 
Difference (E - B) = a1.3389 (E - B) a0.3012 (A - B) = 0.1249 (A - B) = '1.6278 (A - B) = a1 .0181 
in  Subject's (B - A) = 0.1734 (B - A) = 0.0481 (B - E) = a0.3842 (B - E) = 0.3671 (B - E) = 0.1090 

means (E - A) I a1.5123 (E - A) P aO.3493 (A - E) a0.5101 (A  - E) = '1.9949 (A - E) = a1.1271 

%tatistical  significance  at  the  5-percent  level. 
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TABLE V I  I1 .- WORKLOAD SUMMARY FOR SUBJECT A 

FOR ZERO ADDED TIME DELAY 

[Tr = Tp = 01 

1 Objective -~---i 
~" "_ 

Parameter 
T 

- 
B 

. " " ". 

First 
30 sec 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

Run  segment 

I Replicates each data set 

* 
** Significant at the 5-percent level. Significant at the 1-percent level. 

"-Not significant. 
NANot available. 

- 

Last 
30 sec 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

Total 
60 sec 

(*I 
__I_~~ 

N o  data 

N o  data 

-""" 

"""_ 
""-4- 

"-"" 

(**I 

(**I 

(**I 

6 
" 
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t 

TABLE 1X.- WORKIDAD SUMMARY FOR  SUBJECT B 

FOR ZERO ADDED TIME DELAY 

Objective 

Comparison of 
primary  task  only 
with  combined  task 

Comparison of 
side  task  only 
with  combined  task 

Replicates  each  data  set 

First 
30 sec 

"" 

(**I 

(**I 

(**I 

(**I 

"" 

(**I 

(*I 

(**I 

"" 

6 

Run  segment 
. ~ 1 

* 
** Significant  at the  5-percent  level. Significant  at the  1-percent  level. 
"-Not  significant. 
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TABLE X.- WORKLOAD  SUMMARY  FOR  SUBJECT E 

FOR ZERO  ADDED  TIME  DELAY 

Objective 

Comparison of 
primary  task  only 
with  combined  task 

Comparison  of 
side  task  only 
with  combined  task 

- 
B 

Replicates  each  data  set 

Run  segment 
~~ 

First 
30 sec 

"" 

"" 

"" 

"" 

"" 

"" 

"" 

(**I 

(**I 

"" 

6 
" ___ 

* 
** Significant  at  the  5-percent  bevel. Significant  at  the  1-percent  level. 
"-Not  significant. 

Last 
30 sec 

"" 

"" 

"" 

"" 

"" 

"" 

(**I 

(**I 

"" 

- 

6 
" 

Total 
60 sec 

"" 

"" 

"" 

"" 

"" 

"" 

"" 

(**I 

(**I 

"" 

6 
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TABLE XI.- SUMMARY OF RESULTS OF ONE-WAY ANALYSIS OF 

VARIANCE FOR TIME DELAYS FOR SUBJECT A 

(a) No side  task 

Parameter 

" 

First 
30 sec 

". ~ ~ . "_ 
NA 

NA 

NA 

NA 

NA 

NA 

NA 

Second 
30 sec 

NA 

" ~~ 

- . "- " 

NA 

NA 

NA 

NA 

NA 

NA 

(b) With  side  task 

Parameter I First 
30 sec 

NA 

NA 

NA 

NA 

NA 

NA 

NA 
~ ~~ 

NA 

NA 

NA 
. -~ ~ 

". ." ___ 
Second 
30 sec 

NA 
- 

NA 

NA 

NA 

NA 

NA 

NA 

NA 
~ . _  ~" 

NA 

NA 

Total 
60 sec 

NA 

NA 

"- 
( * I  

( * I  

"- 

I Total 60 sec 
~ 

-" 

NA 

NA 

* Significant  effect  of  time  delay  at  the  5-percent 
Not significant. 

leve 1. "- 
NANot  available. 
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TABLE X I 1 . -  SUMMARY OF RESULTS OF ONE-WAY ANALYSIS OF 

VARIANCE FOR TIME DELAYS FOR SUBJECT B 

(a) N o  side task 

Parameter 

First 
30 sec 

(b) With side  task 

F i rs t  
30 sec 

Second 
30 sec 

Total 
60 sec 

." 

"- 

"- 
"- 

(*I  

(*I  

(*I  

"- 

Total 
60 sec 

"- 

* Significant  effect of time delay a t  t h e  5-percent level. 
"-Mot significant. 
NANot available. 
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TABLE XII1.- SUMMARY OF  RESULTS  OF  ONE-WAY  ANALYSIS  OF 

VARIANCE FOR TIME DELAYS FOR SUBJECT C 

(a) No side  task 

Parameter 

Parameter 

- 
B 

First 
30 sec 

"- 
-" 
-" 
"- 
(*I 

(*I  

"- 

Second 
30 sec 

"- 
(*I 

(*I 

( * I  

(*I  

(*I  

(*I 

(b) With  side  task 

First 
30 sec 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 
~ 

Second 
30 sec 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

Total 
60 sec 

Total 
60 sec 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 
* Significant  effect  of  time  delay  at  the  5-percent level. 

"'Not significant. 
NANot available. 
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TABLE XIV.- SUMMARY OF RESULTS OF ONE-WAY ANALYSIS OF 

VARIANCE MIR TIME DELAYS FOR SUBJECT D 

(a) No side  task 

Parameter 

- 
EV 

€h  

17 

5 

-~ 

First 
30 sec 

" .. .~ 

Second 
30 sec 

First 
30 sec 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

(b) With  side  task 

Second 
30 sec 

NA 

NA 

NA 

NA 

NA 

NA 

NA 
____ 

NA 

NA 

NA 

Total 
60 sec 

." - 

"- 
"- 
"- 

Total 
60 sec 

NA 

NA 

NA 

* Significant  effect  of  time  delay  at  the  5-percent  level. 
"'Not significant. 
NANot available. 
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TABLE XV.- SUMMARY OF RESULTS OF ONE-WAY ANALYSIS OF 

VARIANCE FOR TIME DELAYS FOR SUBJECT E 

(a) No side  task 

Parameter 

Parameter 

'h 

B 

Firs t  
30 sec 

~- "" 

-" 
"- 
-" 
"- 
"_ 
"- 
"- 

" 

Second 
30 sec 

- "- 
(*I  

(bI With side t a s k  
" ." 

First 
30 sec 

"- 

( * I  

( * I  

"- 

Total 
60 sec 

"- 
"- 
(*I 
"- 

Total 
60 sec 

* Significant  effect of time delay a t  the 5-percent level. 
" 'Not  significant. 

PSLNot available . 
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7 Rudder-speed -brake  panels 
I 

FZ 
W 
\iv 

Relative 
wind 

Figure 1.- System of body axes used. Positive  directions  are indicated. 

60 



L-73-7163.1 
Figure 2.- Langley  six-degree-of-freedom  vision-motion  simulator. 



L-78-7800 -1 
Figure 3.- Cockpit interior  showing  two-axis  hand  controller. Instruments and 

throttles were not activated for tests. 



L-75-3154.1 
Figure 4.- Photograph of visual  scene  observed by subjects when the  simulated  orbiter 

was nearly  alined  with  the  target  aircraft.  Target range was 182.88 m (600 ft). 
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1 + % c  
Forward ' 

'A 
Aft \ 

Left ' 

-4 ' I 1 I I I -4 J I I I 

-. 2 -. 1 .1 .2  . 3  -. a -. 4 0 . 4  .8 0 

Handle  deflection, 6 , rad  Handle  deflection, 6,,, rad 
ec 

Figure 5.- Two-axis hand-controller torque-deflection characteristics. 



Signal  shaper  and  l imiter 

Definit ions 
~~ 

6 hand-controller  deflection in pitch  (positive  rearward), deg ec 

6 hand-controller  deflection in roll(positive  to  right), deg ac 

6 es contro l ler   input  in pitch  after  shaping  and  l imiting,deg 

6 as contro l ler   input  in rol l   af ter   shaping  and  l imi t ing deg 

'e pi tch  input  af ter  shaping, limiting,  and  scaling,  rad 

6 a ro l l   input   a f ter  shaping,  limiting,and  scaling,  rad 

Figure 6.- Quadratic  shaping,  limiting,  and  scaling of hand-controller  signal. 
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Analog-computer  pot  setting 
for   ins tab i l i ty  h 

Digital-controlled 
s w i t c h i n g   c i r c u i t  
for  reference-pulse 

Thumb  wheel  

L 

To digi ta l   computer 
fo r   rms   va lue   and  
t ime   h i s to ry  of bS 

To digi ta l   computer 
fo r   rms   va lue   and  
t ime  h is to ry  of 
B (tone  voltage) 

Kw = 0.0435 voltsldeg  thumb-wheel  displacement 

Vol tagecontrol led  osci l lator  (VCO) 

For B = 0 reference  tone 
was 1200 Hz; tone  range 
approximately 500 to 1900 Hz 

Figure 7.- Rudimentary sketch of audio side task. 



Time, sec 

t : : : : ! : : b  

Time, sec 

Figure 8.- Time h i s t o r y   f o r   s u b j e c t  B with an  a d d i t i o n a l  time delay  of  
500 msec i n s e r t e d   i n   t h e   c o n t r o l   s y s t e m .  
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+++ Computed  flight data - Base command 

-. 4 u u  

(a) Linear accelerations. 

Figure 9.- Comparison of base  commands  with  computed  flight  data for time 
history  of  figure 8. Subject B; 500 msec  of  added  time delay. 
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+++ Computed f l ight data - Base command 

. 2 -  + *. 

4- 

. 2  

. I  
aJ V 

v) 

2 0  m 
L 

ci 
-. 1 

-. 2 

.012 
aJ 
V 

v) 
\ z o  L 

L- 

-. 012 

-. 024 I I . l . 1  I l I 1  I I I ! I I I I 1 . 1 . 1 1 1  
0 6 12  18 24 30 36 42  48  54 60 

Time, sec 

(b) A n g u l a r  rates. 

F i g u r e  9.- Concluded .  
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PI 0 OCCURRENCE 

Upper value  denotes  number of r u n s  PlO's encountered 

Lower  value  denotes  total  number r u n s  made 

Test 
condition 

No 
side 
task 

With 
side 
task 

C 01 6 

D 01 6 

E 016 

Added t ime delay, msec 

125 

01 6 

- 

01 6 

01 6 

01 6 

01 6 

01 6 

01 6 

016 1 116 

500 

2/ 6 

- . .  

61 6 

61 6 

1 / 6  

3 I6 

51 6 

61 6 

"_ 

"_ 

316 

625 

41 6 

"_ 

_" 

3 1  6 

3 I6 

61 6 

__ 

"- 

"- 

"_ 

5 16 

Figure 10.- Chart itemizing number of P I 0  occurrences for each test subject 
and added time delay. 
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T = 0 msec T = 375 msec 

A0, deg 0 

-12.5 

ha, deg 

-3 'i 
0 30 60 

I 

Ti me, sec 

12.5 - 

Ae, deg 0 

-12.5 

Acr, deg 

3 

0 

-3 
.25 

-. 25 
0 30 

Time,  sec 

(a)   Subject  C. 

Figure 1 1 . -  Typical   t ime-history  traces  for three   subjects   indicat ing  a longi-  
tudinal  P I 0  occurs  near  the  end of the run for  the case of T = 375 msec. 
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T = 0 msec T = 375 msec 

-12.5 1 
Aa,  deg 

-3 i 
12. 5 

AQ,deg 0 

-12 5 

Aa,  deg 

12.5 

he, deg 0 

-12 5 

(b)   Subject  B. 

12 5 

A0,deg 

-12.5 

0 30 60 0 30 60 
Ti me, sec Time, sec 

(c) Subjec t  D. 

Figure 11 .- Concluded. 
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T = 0 msec T = 375 msec 

(a) Subject C. 

Figure 12.- Typical time-history  traces for three  subjects indicating 
lateral PIO's for the  case of T = 375 msec. 
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T = 0 msec T = 375 msec 

b,, rad 

.50 

-. 50 Oi 

.25 

c, rad 0 

-. 25 

(b) S u b j e c t  B. 

Time,  sec  Time, sec 

(c) Subject D. 

F i g u r e  1 2  .- Concluded. 



~~~~~~~ ;EK 
OR OPERATION 

Improvement Major def ic ienc ies  Control w i l l  be lost   dur ing some portion o r  required  operation 10 

AIRCRAFT  CHARACTERISTICS 
DEMANDS ON THE PILOT I N  SELECTED PILOT 

TASK OR REQUIRED OPERATION RATING 1 

mandatory 

Major def ic ienc ies  In tense   p i lo t  compensation i s  requi red   to   re ta in   cont ro l  9 

Deficiencies Major def ic ienc ies  ' Considerable  pilot  compensation is required  for   control  a 

Major def ic ienc ies  * Adequate  performance  not a t ta inable   wi th  maximum to l e rab le  
p i l o t  compensation. Control labi l i ty   not   in   quest ion 7 

Very objectionable  but , Adequate  performance  requires  extensive  pilot 
to le rab le   def ic ienc ies  . compensation "r 
Minor but annoying 

def ic ienc ies  

Deficiencies 

improvement ~- 

'- 

without improvement? 
warrant  Moderately  objectionable Adequate  performance  requires  considerable  pilot 

def ic ienc ies  compensation 

Desired  performance  requires  moderate  pilot  compensation 

I I  
YES I 

L 

Fa i r  - some mildly . Minimal pilot   compensation  required  for  desired 
unpleasant  deficiencies  performance 

Good 
Negligible deficiencies - Pilot  compensation  not  a  factor  for  desired  performance 

Highly desirable - p i l o t  compensation  not  a  factor  for  desired  performance 

2 

1 Excellent 

3 
- 

Figure 13 .- Cooper-Harper  rating  scale. 



PILOT  RATINGS 

Task 

No 
side 
task 

With 
side 
task 

.. ~ - ." 

S u bject 

A 

B 

C X  

D 

A 

B 

C 

D 

Added time delay, msec 

0 

3 

3 

3,4 

3 

5 

4 
"- 

* The f i rst   value denotes  longitudinal  character 
second  value  denotes  lateral  characteristics. 

istics; the 

Figure 14.- Cooper-Harper ratings for vehicle handling qualities  given 
by astronauts and  research pilots. Subject C gave  two  values for 
each  condition. 
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1.6X10-' 

1. 2 

.8 

. 4 i  

0 

1. 2 

Subject  A 0 
B O  
c o  

1.6 X 10" 

8 

I " 1  I I 1 
O O  125  250  375 500 

Added t ime delay, m sec 

(a) Tracking errors. 

Figure 15.- Pilot-performance measures with no side task. The azimuth-angle 
results are for the last 30 sec of the run. 
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16X10-2 

12 c 
Subject A 0 

B O  
c o  
D A  
E \  I 

0 

I I I 1 

4X10'2 

3 

I ,- 

125  250  375  500 
Added time delay, m sec 

(b) Hand-controller inputs. 

Figure 15.- Concluded. 
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Subject A 0 

E h  1. 6X10m2 

-0 
E 1. 2 

I d !  t P b 

1 1 I I 

2 ox 10'2 

L 6  
-0 
(0 
L 

VY 

E . 4  

0 

L I 
O O  
I - l  " 1 I I 

125  250 375 500 
Added time delay, m sec 

(a) Track ing errors . 
Figure 16.- Pilot-performance measures with side task. The azimuth-angle results 

are €or the last 30 sec of the run. 
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I, "_I ,."..". ,."""_ 

1.6X10-* 

8 
P P 

0 

I I I I 
125 250 375 500 

Added t ime delay, m sec 

(b) Hand-controller inputs. 

Figure 16 .- Continued. 
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Subject A 0 
B O  
E h  

1. 6 

1. 2 

.8 
i 

. 4  
I 

p J ""_ 
A 

125 250 375 
Added time delay, m sec 

(c) Audio  side-task  measures. 

500 

Figure 1 6 . -  Concluded. 
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P IO OCCURRENCE 

Upper value denotes number of r u n s  PlO's encountered 

Lower value denotes number of r u n s  made 

Test Added t ime delay, m sec 

configuration 
250 I 375 I -500 I 625 125 0 

~~ . _  

-r = - r  
r P  

01 6 61 6 61 6 31 6 01 6 "- 

r r = l 2 5 ; r p v a r i e d  41 6 a31 6 21 6 01 6 01 6 --- a a 

aAll   pi tch PlO's .  

PI LOT RAT1 NG S 

Test I .. 

Added t ime delay, m sec 
configuration 0 125 ! 250 

-r =-r 
P P  

4 

rr = 125; 'I varied -" 4 
P 

6 

5 

375 500 

8 

8 

TRACK I NG PERFORMANCE 

Earliest  Breakpoint  Location  for  Elevation  and  Azimuth  Line-of-Sight  Angles 

Test Added t ime delay, m sec 
configuration 

-r =-r 
r P  

(b) 

-r =125;-r varied 

B rea  kpoi nt 

r P 

~~~~ 

0 125 1 250 - 1  375 I 500 

(b) 

1 

1 I 
1 
1 
- 

F i g u r e  17.- Mismatched  delay  data  ( T r  h e l d   c o n s t a n t )  compared w i t h   d a t a  
f o r   e q u a l   d e l a y s   i n   b o t h   c o n t r o l   c h a n n e l s .   R e s u l t s   f o r   s u b j e c t  B 
u s i n g   t h e  side t a s k .  
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t++ Reference  simulation 
- Extracted 

-. 2' 

a- 

Ti  me, sec 

(a)  Angles and  total  speed. 

Figure 18.- Time-history comparisons of motions computed by using extracted 
derivatives w i t h  those of the reference simulation. Longitudinal case 
for  1-sec  pitch-pulse input inserted at t = 1 sec. 
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- Reference  simulation 
- Extracted 

31 

V a 
v) - 21 
5 
E 

I1 

158 

V a < 156 
E 
a 
3 

154 

" 

10L 71 

a V 
v) 

68.89 2 
3- 

36 07 

I l I l i I I I : : I I I ! I I I l ! _ i I I I I I ' N / .  

I 2 4 6 8 10 
Time, sec 

I 37 

a V 

v) 

31 2 
3 

25 

(b) Velocity components and pitch rate. 

Figure 18.- Continued. 

84 



+++ Reference  simulation 
- Extracted 

+ 

- 4 _ l  1- I 1 1  I I I I I 1  1 1 1 1 , ~ 1 1 1  I I I I I I I  
* o  2 4 6 8 10 

." 

T i m e ,   s e c  

(c) Acce le ra t ions   and   con t ro l l e r   i npu t .  

F igure  18 .- Concluded. 
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+t+ Reference  simulation 
- Extracted 

.002' -- t 

'"E 

Time,  sec 

(a)  Angles and t o t a l  speed. 

I L 

>- 

10 

Figure 19.- Time-history comparisons of motions computed by using  extracted 
derivatives w i t h  those of the  reference  simulation.  Lateral  case  for  1-sec 
roll-pulse  input  inserted  at t = 1 sec. 
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+I+ Reference  simulation 
- Extracted 

(b) Angular rates and l a t e ra l  v e l o c i t y .  

F igure  19.- Continued. 
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$$+ Reference simulation 
- Extracted 

T i m e ,   s e c  
(c) Acce le ra t ion   and   con t ro l   i npu t .  

F igure  19.- Concluded. 
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